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PREFACE 
By Joseph A. Holmes. 

The establishment on July 1, 1910, of a National Bureau of Mines 
on a permanent basis, and the transfer, for continuance under this 
bureau, of the fuel investigations organized and conducted, 1904 to 
1910, under the United States Geological Survey, were considered 
as making a suitable occasion for assembling and publishing in con- 
venient form a description of those investigations, the methods fol- 
lowed, the equipment used, and the results obtained. The larger 
part of the data has been assembled for publication in three reports — 
the first (Bulletin 13) on the fuel tests made in gas producers, the 
second (Bulletin 23) on the fuels tested in boiler furnaces, and the 
third (Bulletin 22) giving the chemical analyses of the coals tested 
and a statement regarding the mines and beds from which these 
coals were collected. 

Much of this material has already been published in various 
bulletins of the Geological Survey, but most of those bulletins 
are now out of print and much of the material has not yet been 
published. Hence, it is deemed wise to bring together all the infor- 
mation, both published and unpublished, that may have special 
value and to publish it in convenient form. A r&um6 of certain 
additional data covering the briquetting, coking, and other miscel- 
laneous uses of the fuels tested will be similarly segregated and pub- 
lished in a future bulletin of the Bureau of Mines. 

When Congress authorized this work in 1904, the Director of the 
United States Geological Survey placed its supervision under a com- 
mittee consisting of E. W. Parker and M. R. Campbell, of the Geo- 
logical Survey, and the present writer; and this committee selected 
as its consulting experts Prof. Robert H. Fernald, of the mechanical- 
engineering department of Washington University, St. Louis, to 
take charge of the gas-producer investigations; Prof. Lester P. 
Breckenridge, of the mechanical-engineering department of the 
University of Illinois, to take charge of the boiler and steaming inves- 
tigations; and Prof. Nathaniel W. Lord, of the chemical department 
of the University of Ohio, to take charge of the chemical work. 

In planning the fuel investigations, the conmiittee foimd that there 
were limitations as to equipment available; no satisfactory methods 
had been developed; and few experts had been adequately trained 
for such investigations. Nevertheless, it was believed that, if prop- 
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4 PREFACE. 

erly carried on, the results of these mvestigations would have a large 
and permanent value. Therefore, the coals used in the investiga- 
tions were selected and collected in such manner as to insure their 
being representative of actual and extensive resources. 

During 1905 and subsequent years the administrative supervision 
of these investigations was assigned by the Director of the Geological 
Survey to the present writer, but the technical advice of Profs. 
Lord, Breckinridge, and Femald has been followed throughout, and 
the administrative plans developed during the work of 1904 so largely 
by Messrs. Parker and Campbell, with whom the writer was asso- 
ciated, have continued to serve as a general guide. 



STEAMING TESTS OF COALS 

AND 

RELATED INVESTIGATIONS 

SEPTEMBER 1. 1904, TO DECEMBER 31, 1908 



By L. P. Bbeokenbidge, Henry Kbeisinoeb, and Walter T. Rat. 



INTRODUCTION. 
HISTOBT Aim OBJECT OF FXJBL-TE STING PLAITF. 

The investigations of fuels conducted by the technologic branch of 
the United States Geological Survey had their inception at the 
Ix>uisiana Purchase Exposition in 1904. By an act approved Febru- 
ary 18, 1904, Congress authorized the work of analyzing and testing 
at the Louisiana Purchase Exposition the coals and lignites of the 
United States, under the supervision of the Director of the United 
States Geological Sm^ey. An appropriation of $30,000 was made 
for this purpose. In the general deficiency bill dated April 27, 1904, 
the sum of $30,000 was added to the appropriation. 

To carry out these investigations the Director of the Geological 
Survey appointed a committee consisting of E. W. Parker, statistician 
of the Geological Survey ; Joseph A. Holmes, State geologist of North 
Carolina; and Marius R. Campbell, a geologist of the Geological 
Survey. 

Under the first act authorizing this work all of the machinery and 
coal for the tests was to be fiuniahed the Government free of charge. 
"Hie buildings containing the testing apparatus were all paid for out 
of the first appropriation. After the close of the Louisiana Purchase 
Exposition every Congress made an appropriation for continuing 
these fuel tests. These subsequent appropriations permitted the 

purchase of appUances better adapted for the testing work. 

5 



6 STEAMING TESTS OF COALS. 

The general object of these investigations as they were started at 
St. Louis was to determine the fuel value of the coa|^ and lignites of 
the United States in the following ways: 

(a) By chemical analysis. 

(6) By burning under boilers. 

(c) By burning in the gas producer and using the gas for power 
generation. 

(d) By briquetting and burning the briquets under stationary, 
marine, and locomotive boilers. 

(e) By coking to determine the coking qualities. 

(f) By testing after washing a coal that was originally hi^ in ash. 
To do this work the plant was equipped with a chemical laboratory 

for coal analysis, 2 Heine water-tube boilers of 210 boiler horsepower 
each set up over hand-fired furnaces, 1 Taylor pressiu*e gas producer 
with auxiliaries, 2 briquetting machines, 3 beehive coke ovens, and a 
washery with two jigs. The various departments of the plant were 
connected with coal conveyors to f aciUtate the handling of coal. 

About a year after the close of the exposition all the buildings had 
to be cleared away from the fair grounds. This made it necessary 
to move the fuel-testing plant. Accordingly, early in 1907 most of 
the departments of the plant were removed to the Jamestown Expo- 
sition at Norfolk, Va., where a large building was provided for the 
continuation of the fuel tests during the exposition. It was felt at 
the time that it was liighly desirable to make steaming and briquet- 
ting tests of the coals which reach Norfolk, Va., for the use of the 
United States Navy and the merchant marine. 

As the coking qualities of the coals of the eastern fields were fairly 
well known, it was thought advisable that the washing and coking 
sections should investigate the coals of the Rocky Mountain region 
and determine their fitness for producing high-grade coke for metal- 
lurgical purposes. Consequently these two sections were removed 
to Denver, Colo. 

The main chemical laboratory was moved to Pittsburgh, which 
appeared a convenient location for it inasmuch as samples of coal for 
chemical analysis were to be collected and shipped from every coal 
field in the United States. 

At the close of the Jamestown Exposition the steaming, gas- 
producer, and briquetting sections of the fuel-testing plant were moved 
to Pittsburgh, and were installed in the arsenal buildings of the United 
States War Department, where these divisions are continuing their 
experiments. 

The coal washery and the coke ovens at Denver, Colo., were dis- 
mantled in the fall of 1908, the investigations being discontinued for 
the time. 
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QENEBAIi STATEMENT OF THE WOEK DONE BY THE STBAli- 

ENGINEEEXNG SECTION. 

From the beginning of the fuel-testing work at St. Louis to the 
Bnd of the year 1908 the steam-engineering section has made the 
following tests and investigations: 

(a) A series of 501 steaming tests under Heine stationary boilers on 
180 different coals coming from 24 different States; some of these 
tests were made at St. Louis, Mo., others at Norfolk, Va. 

(6) A series of 21 steaming tests with briqueted and run-of-mine 
coal under a Normand marine boiler on the U. S. torpedo boat 
Biddle, at the Norfolk Navy Yard. 

(c) A series of 14 steaming tests with briqueted and run-of-mine 
coal in a locomotive boiler at the yards of the Seaboard Air Line 
Railway, at Portsmouth, Va. 

(d) A series of 15 steaming tests with North Dakota lignite in a 
Furnace of the semigas-producer type, under a Stirling boiler, at the 
United States irrigation plant, at Williston, N. Dak. 

(e) A series of about 300 laboratory tests with small multitubular 
boilers for the purpose of studying their heat-absorbing properties. 

(/) A series of experiments with laboratory apparatus for the pur- 
pose of studying the relation of the pressure drop through fuel beds 
and boilers to the weight of gases flowing through them. These 
experiments were supplemented by the investigation of data obtained 
with lai^e boilers in actual operation. 

Of the above only the tests under (a) are considered in full detail 
in this bulletin. Tests under (6), (c), (d), (e), and (/), respectively, 
have been described fully in United States Geological Survey Bulle- 
tins 367, 403, and 412, and in Bureau of Mines Bulletin 2 and 
Bulletin 18, the latter being now in course of pubUcation. However, 
a brief summary of these tests is presented in the second part of 
this bulletin under the caption ^'R6sum6 of special plant and field 
investigations.'' 

SCOPE OF THIS BULLETIN. 

This bulletin is divided into two distinct but related parts. 

Part I contains complete final data and results of all steaming 
tests made at the fuel-testing plant, a description of the plant and 
appliances, and a statement of the method of conducting and com- 
puting the tests. This part is intended for those who wish to study 
the details of the tests and make their own comparisons and deduc- 
tions, and for those who wish to inform themselves as to the com- 
position of the different coals and the results that may be expected 
from burning them in a hand-fired furnace. 

Part II contains principally an analytical study of the tests reported 
in Part I. In this study a great many comparisons of classified tests 
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are made and deductions are drawn. This part is intended for the 
busy engineer who has not time to study the tests for himself. Part 
n also contains a brief accoimt of tests made outside the plant and 
of special investigations made to clear up certain features in the 
problem of steam generation. In this account the investigations 
on the transmission of heat in boilers and the experiments on the flow 
of gases through fuel beds and boilers are particularly mentioned. 
The account of these investigations is followed by a discussion of the 
fundamental principles of the combustion of coal, transmission of 
heaty and the movement of gases through boiler settings. 



PART I. 

DESCRIPTION AND COMPLETE FINAL DATA OF STEAM- 
ING TESTS. 

OBJECT OF STEAMIXa TESTS. 

The primary object of the first 78 steaming tests made at the St. 
Louis plant during the Louisiana Purchase Exposition was to deter- 
mine the comparative value of coals from the various coal fields of 
the coimtry when used under boilers. The time available for testing 
was short and the coals to be tested were many. Consequently, 
only one steaming trial was made with each coal, unless because of 
some accident the trial was thought unreliable, in which case it 
was repeated. Thus 78 tests covered 75 different coals. Inasmuch 
as the coal came from fields so widely separated, it was rightly 
expected that its nature and its behavior on the grate would vary 
greatly. For this reason the testing boilers were equipped with 
hand-fired furnaces and plain grates, an equipment which, although 
not best fitted for some coals, would make possible the burning of 
all the coals. On this account the results obtained are not absolute, 
and are approximately comparative only for the hand-fired, tile-roof 
type of furnace. Nevertheless, the results of the tests furnish 
valuable indications of what the results would be in other types 
of furnaces and with other methods of stoking. This is particularly 
true of some of the western coals just coming into the market. 

Although the tests were made carefully, the results in some cases 
are not the best that can be obtained in this type of furnace. The 
work could not be so arranged that all coals from the same locality 
could be tested on successive days. Coal from West Virginia was 
tested one day and Ugnite from North Dakota the next. This 
made it diflHicult for the man in charge of the filing to decide at the 
outset what method of burning was best adapted to each particular 
coal. Notwithstanding these unfavorable features, the over-all effi- 
ciency was generally fairly high, which speaks well of the efforts of 
the men managing the fires. 

Efforts were also made to have all the coals of a uniform size when 
fired, but generally it was not possible to do this. The samples of 
coal to be tested were received as "run of mine''; after reaching the 
plant they were run through a crusher which was set to reduce the 

coals to a standard size. Some of these coals were brittle and 
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crumbled easily during the process of unloading, crushing, and con- 
veying, so that they contained greatly vaiying percentages of slack 
when they reached the boiler room. All these undesirable but inher- 
ent features of the problem of testing fuels made it difficult, if not 
impossible, to obtain unquestionably comparative results from the 
steaming tests. 

Soon after the close of the Louisiana Purchase Elxpositioii it was 
decided to continue the fuel tests at the St. Louis plant. To avoid 
some of the above-mentioned objections and to make the results of 
the steaming tests more comparable, provision was made for testing 
larger samples of coal, so that it would be possible to make three or 
four steaming tests with each coal, each test being run at different 
rates of combustion. Furthermore, to provide for more economical 
burning of the coals, particularly of some of the western ones high 
in ash, one of the Heine boilers was equipped with a Mcdave rocking 
grate. A small cylindrical screen was purchased, which permitted 
the accurate determination of the percentage of the various sizes 
of the coal as burned. Several recording instruments were added 
to the equipment, so that more complete data could be obtained on 
which to base more thorough comparative studies of the steaming 
qualities of the coals. Although the equipment for making com- 
parative tests was not an ideal one, nevertheless it was as good as 
could be selected for such widely variable conditions. 

The object of the steaming tests made at the Norfolk plant was 
to study the relative economy of coals coming chiefly from the 
New River field, West Virginia, when burned under a boiler in a 
hand-fired furnace and when fired by a Jones underfeed stoker. A 
further object was to compare the values of these coals for making 
steam when in the run-of-mine condition and when compressed into 
two sizes of briquets. The steam plant was equipped for this 
purpose with the above-mentioned Heine boilers set up with a stand- 
ard hand-fired furnace and a Jones underfeed stoker. 

THE COALS TESTED. 

• 

The coals tested at the St. Louis plant came from the important 
coal fields of the country; those tested at the Norfolk plant came 
only from Virginia and West Virginia. 

To be certain that the coal shipped to the plant represented the 
average product of the mine, or the average of a certain grade that 
it was desired to test, the coal was loaded at the mine into the rail- 
road car under the supervision of a representative of the fuel-test- 
ing plant. This representative visited the mine a day or two pre- 
vious to the loading of the coal, and studied the condition of mining 
and the treatment of the coal as it went from the mine to the car. 
He watched carefully the loading of the car, so as to prevent any 
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undue picking or any other irregularity that would make the coal 
better than the average output of the mine. In certain cases where 
cars were in the yard, already loaded with what was regarded as 
representative coal, one of these cars was selected at random and 
shipped to the testing plant. 

Ordinarily the coal was sent to the plant in open cars without 
any protection from the weather, but such lignitic coals as would 
be much affected by weather in transit were loaded in box cars. 
Usually several weeks elapsed between the mining and the testing 
of the coals. The coal was sampled at the plant as it was being 
unloaded from the car into the bins. This sample was called the 
car sample. The coal was again sampled as it was burned, and the 
sample thus obtained was called the boiler-room sample. The 
analyses of these two samples varied appreciably, showing that coal 
from diflFerent parts of a car may vary in chemical composition. This 
is particularly true of coal from the bottom and from the top of a car. 
In transportation, fine coal and impurities are apt to find their way 
to the bottom of the car. The average weight of a carload of coal 
was about 40 tons; the average weight of the coal burned in a steam- 
ing test was 5 tons. The analyses varied according to whether a 
5-ton lot was taken from the top or bottom of a car, or the top or 
bottom of a storage bin. 

The supervision of the loading of the coal into the cars at the 
mines was done by the members of the field division, which was at 
first in charge of M. R. Campbell and later was under the direction 
of J. S. Burrows. 

PEBSONNEL. 

The fuel tests made by the steam-engineering division of the fuel- 
testing plant were conducted under the direction of L. P. Brecken- 
ridge, then professor of mechanical engineering at the University 
of Illinois, and now holding a similar position at the Sheffield Scien- 
tific School, Yale University. The first 78 tests were made under 
the direct supervision of D. T. Randall. All succeeding tests were 
made under the direct charge of W. T. Ray. The crew conducting 
the tests consisted of six to ten observers and computers and a chemist. 
The following men were at various times members of the crew: 
H. Kjeisinger, H. W. Weeks, L. R. Stowe, R. H. Kuss, I. I. Harman, 
H. B. Dirks, W. M. Park, G. S. Pope, R. W. Rutt, C. H. Green, 
R. H. Post, F. J. Bird, C. Fletcher, R. Gait, C. E. Augustine, 
P. Barker, F. Pahmeyer, G. E. Ryder, F. E. Woodman, S. B. Flagg, 
C. H. McClure. 

In all steaming tests made on the hand-fired furnace the stoking 
was done by the same fireman, Henry Arrens, who always did his 
work faithfully and proved to be exceptionally skillful. 
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12 STEAMING TESTS OP COALS. 

DBSCBIPTION OF STBAM PULMT AND APPLIAN0B8 TTSBD IN 

STEAMING TESTS. 

STEAM PLANT AT ST. LOUIS, MO. 

The steam plant at St. Louis, Mo., was installed in a building 
having a floor area of 94 by 54 feet. The building was a temporary, 
inexpensive, wooden-frame structure covered with sheet-steel siding 
and a composition roof. 

Tlie boiler room which occupied a floor area of 54 by 43 feet was 
equipped with two Heine water-tube boilers of 210 horsepower each, 
and one Frost horizontal multitubular boiler of 100 horsepower. 
Each boiler had a separate steel stack and independent brick setting. 
Ordinarily the two Heine boilers were fed with separate injectors, 
but a steam feed pump was so connected that it could be used for 
supplying any boiler if occasion demanded. Only the Heine boilers 
were used for the tests, the horizontal multitubular boiler furnish- 
ing steam to the coal washery and to several exhibits on the exposi- 
tion grounds. Soon after the close of the exposition this boiler was 
removed from the boiler room. 

Wlien the fuel-testing plant was first set in operation the other 
equipment besides that already mentioned consisted mainly of the 
following apparatus and instruments : 

Two platform scales and a charging car for weighing coal. 

Two platform scales and two weighing tanks for weighing water. 

Two suction tanks from which the measured water was fed by 
the injectors into the Heine boilers. 

Two flue-gas samplers as prescribed by the code of the American 
Society of Mechanical Engineers for conducting boiler trials. 

Special flue-gas samplers designed and built at the plant. 

One Orsat apparatus for analyzing flue gases. 

Two flue-gas thermometers. 

One thermocouple for measuring furnace temperatures. 

One set of thermometers for measuring outside, boiler-room bxx^ 
feed-water temperatures. 

One separating and one throttling calorimeter for determining i\'^^ 
moisture in steam. 

Four draft gages for taking draft measurements. 

When the testing work was resumed early in 1905 the following 
instruments were added to the equipment: 

One recording flue-gas thermometer. 

Two recording draft gages. 

One Wanner optical pyrometer for measuring furnace temperature^ 

A Sturtevant blower direct-connected to a steam engine wa0 
installed in such a way that forced draft could be used with eitheJ* 
of the two Heine boilers, only one of which was under steam at a time« 
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The steam generated was used in an Allis-Chalmers Corliss engine, 
22 by 42 inches in size, running noncondensing, and driving a 200- 
kilowatt Bullock generator. The current was distributed at the 
switchboard to electric motors in various parts of the fuel-testing 
plants or was used to operate a miniature railroad in one of the exhibits. 
During about the first 40 tests current not thus consumed was 
absorbed by a water rheostat which was used to regulate the load of 
the engine, and consequently the amount of steam taken out of the 
boiler. However, this method of regulating the steam consumption 
was not quite satisfactory; therefore a 3-inch blow-off pipe was con- 
nected to the steam main and provided with a throttling valve which 
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FiouBB 1.— Plan of steam plant showing location of boilers and equipment. 

Was used to regulate the flow of steam from the boiler directly into 
the atmosphere. By means of two sprocket wheels and a chain the 
regulating valve could be manipulated from in front of the boiler 
by the man managing the fire. This method of steam regulation was 
Very satisfactory and was used for all subsequent tests made at St. 
Louis and at Norfolk. 



GENBBAL ARRANaEMBNT OF TBSTINa AFPUANOES IN THE BOILER BOOM. 

The general arrangement of the apparatus used in the boiler room 
during the steaming tests at the St. Louis Exposition is shown in 
%ure 1. The water-weighing scales and the tanks were placed on a 
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wooden platfonn about 4 feet high so that the weighed water could 
be run by gravity into the suction tanks standing on the boiler-room 
floor, llie Orsat apparatus was placed in the rear of the boileis 
where the gas analyses were made. There were no storage bins for 
the coal to be tested. As a rule, only one kind of coal was placed on 
the boileivroom floor each morning before a steaming test was started. 
Before the steam tests were resumed in 1905 some improvements 
were added to the plant which greatly faciUtated the testing work. 
The plan of this improved boiler room is shown in figure 2. Four bins 
having chutes opening into the boiler room were built on the out- 
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FioimE 2.— Plan of Improved steam plant at St. Louis, Mo. 

side of the front wall. The bottoms of the bins were inclined anc3 
suflBciently elevated for the coal to run by gravity into a charging 
car placed under the chutes. Each bin had a capacity of about 2^ 
tons of coal, a quantity that was sufficient for four or five tests ^ 
Thus it was possible to store four different coals in the bins an^ 
arrange the sequence of the tests in more logical order than wa^ 
before possible. Besides, the absence of coal on the firing floor mad^ 
the boiler room cleaner, a feature that encouraged more accurate 
work on the part of the observers. To promote further the accuracy 
and the reliability of the work three small rooms were built on the 
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left side of the boiler room, as shown in figure 2. The rear room had 
a floor space of 12 by 14 feet and was equipped as a chemical labora- 
tory for making furnace-gas and flue-gas analyses. The front room 
was used as an instrument room. In it were mounted the recording 
draft gages and the recording flue-gas thermometer. Shelves were 
also provided for reserve instruments, for tools, and for keeping log- 
sheet blanks. The middle room was used as a wash and locker room. 

A suitable platform with a stairway leading to it was built on top 
of each of the Heine boilers. The object was to make the upper por- 
tion of the boilers easily accessible for such observations as the deter- 
mination of the moisture in the steam and the flue-gas temperature. 

The Sturtevant steam blower was placed in the engine room, back 
of the boilers, and the underground air duct was run between the 
Heine boilers, discharging air into their ash pits as indicated in 
figure 2. 

STEAM PLANT AT NORFOLK, VA. 

The fuel-testing plant at Norfolk, Va., occupied about one-half of 
the Power and Alcohol Building at the Jamestown Exposition. This 
building, Uke most of the others on the exposition ground, was a tem- 
porary structure. The fuel- testing plant comprised the steam- 
engineering, the gas-producer, the briquetting, the liquid-fuel and the 
research divisions, each of which was given sufficient floor space for 
its apparatus and for carrying on its work. 

The steam plant occupied a floor space of about 54 by 54 feet. 
The equipment consisted of two Heine boilers which were moved from 
the St. Louis plant, and one Babcock & Wilcox boiler of the semi- 
marine type. One of the Heine boilers was set up with a Jones 
underfeed stoker and the other with a hand-fired furnace and plain 
grate. The Babcock & Wilcox boiler was set up with a Roney stoker. 
All three boilers were supplied with mechanical draft, each having a 
separate exhaust fan. Besides these fans the Sturtevant pressure 
blower used in the St. Louis plant was so installed that it could dis- 
charge air into the ash pits of the hand-fired Heine boiler and the 
Babcock & Wilcox boiler. The Jones underfeed stoker was served 
with an independent pressure blower and a coal-feed regulator. 
Pipe connections were made in such a way that either injectors or a 
steam pump could be used for feeding the boilers. During a test the 
injector always supplied the feed water. The connections were such 
that it was certain that all the water weighed was fed into the boiler 
and that unweighed water could not get in. 

All the other special apparatus and instruments used in the steam- 
ing tests at the St. Louis plant, excepting the flue-gas samplers, were 
moved to the Norfolk plant and used there. The flue-gas samplers 
were of special improved design and were constructed at the plant; 
they will be described in detail later on. 
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AKRANOBXKNT OF TBSTlNa ATPLUNOU IN THE BOILBB KOOH, 

Figure 3 shows the general arrangement of the testing appuatus 
in the boiler room at the Norfolk plant. The three exhaust tarn 
were placed in the rear of the boilers upon a firm wooden platform 
which was somewhat higher than the top of the highest boiler setdng. 
A stairway leading to this platform made the fans easily accessible, 
Special platforms with stairways were also provided on top of each 
boiler, which facilitated taking the calorimeter readings and other 
observations on top of the boilers. The water-weighing apparatus 



FiauRE 3.— l'1anotsl«aid pluitatNorftiUi, Va. 

was placed on platform similar to that used at St. Louis. A dust- 
proof room 14 by 16 feet was built in the comer of the boiler room and 
equipfied as a chemical laboratory for analyzing flue gases. The same 
room was used for storing reserve instruments and log-sheet blanks. 
The instruments were mounted on a board on a wall near the front 
of boiler No. 5. There were no stor^e coal bins, the coal for a test 
being piled on the floor back of the scales, from which place it was 
shoveled by hand into the chuginfi; oar. 
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The steam generated in the boilers was used in a De L&val steam 
turbine, which was connected by means of the usual high-speed gear 
to an electric generator of the same make. The current from the 
generator was used by the various motors around the testing plant. 
When a steaming test was run the steam pressure in tlie boiler was 
regulated by a special blow-off pipe which exhausted the steam from 
the boiler directly into the atmosphere. 



The same two Heine boilers were used for all tests reported in this 
bulletin. However, at various times considerable changes were made 
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in their settings. Because of these changes it was necessary to make 
distinctions and to designate the boilers by different numbers after 
each radical change. 

The two boilers as they were originally set up at St. Louis were 
designated as No. 1 and Ko. 2. The Frost boiler was called boiler 
No. 3 The arrangement of these boilers ia shown in figure 1 . When 
testing work was resumed in 1905 the plain grate of boiler No, 2 was 
replaced by a McClave rocking grate of approximately the same area; 
but as the other essentials of the setting remained the same, the boiler 
retained its designation of No. 2. 
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In September, 1906, boiler No. 1 was entirely reset with a specially 
designed air-tight setting; it was then designated as No. 4. When 
the fuel- testing plant was moved to Norfolk, Va., one of the boilers 
was set up with a Jones underfeed stoker and was designated as No. 5.. 
The other boiler was erected with a standard plain-grate setting, with 
the exception that a special horizontal baffle was inserted among the 
tubes. This boiler was designated as No. 6. The additional Babcock 
& Wilcox boiler in the Norfolk steam plant was set up with a Roney 
stoker and was designated as No. 7. Figure 3 illustrates the arrange- 
ment of the boilers. 

bohjEB no. 1. 

The dimensions and the details of the setting of boiler No. 1 are 
shown in figure 4. The construction of the boiler proper is shown 
in detail in figure 5. Table 1 gives the principal dimensions of the 
boiler and settings. 

Table 1. — Principal dvmensioTis of boiler No. 1. 

Commercial name Heine safety boiler 

Type Horifontal water-tube 

Capacity an rated by buUders horaepower. . 210 

Boiler: 

Length of steam drum feet. . 21 A 

Inside diameter of drum inebes. . 42 

Number of tubes .' 116 

Internal diameter of tubes inches. . 3. 26 

External diameter of tubes do 3.50 

Length of tubes exposed feet. . 17^ 

Water-heating surface of tubes square feet. . 1, 897 

Water-heating surface of water legs do 91 

Water-heating surfcice of steam drum do 43 

Total water-heating surface do 2, 031 

Total water space cubic feet.. 287 

Steam space do 73 

Furnace: 

Kind of grate Plain. 

Length of grate. feet. . 6.58 

Width of grate, i do.... 6.16 

Dimensions of air si)aces inches. . 0.5 by 17.5 

Area of grate square feet. . 40.55 

Ratio of grate area to air spaces 40 to 17 

Mean height of furnace above grate inches. . 26 

Total combustion space, including combustion chamber cubic feet. . 250 

Ratio of combustion space to grate area 6.2 

Cross-sectional area between tubes square inches. . 1,612 

Area of gas entrance to tube chamber do 1,070 

Area of gas exit from tube chamber do 640 

Depth of ash pit below grate surface inches. . 25 

Stack: 

Construction Steel, sappoited by 

guy wires. 

Height of top above grate feet. . 113.25 

Diameter inches. . 87.6 

Area of stack square inches. . 1,104 

When there was 3 inches of water in the water glass the boiler 
contained 16,800 pounds of water at 70° F. Each additional inch 
of water, as shown by the water glass, was equal to 340 pounds. 
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These figures were determined by calibrating the boiler with cold 
water at 70^ F. and noting the height of water in the gauge glass as 
the water was drawn from the blow-off and weighed. 

Setting. — Tte details of the setting are shown in figure 4. The 
side walls were 20 inches tkick up to the top row of tubes and con- 
tained A 2-inch air space; above that they were 13 inches thick, and 
solid. On the inside of the furnace the 20-inch walls were protected 
by a fire-brick lining about 5 inches thick. The boiler tubes in the 
lowest row were inclosed with C-shaped tiles for their entire length, 
except 30 inches in the rear of the boiler where an opening was 
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left to admit the gases into the tube chamber. A similar opening 
was left in the baffle on the top row of tubes in the front of the boiler 
to allow the gases to leave the tube chamber and flow under the 
steam drum into the stack; this opening was only 18 inches long. 
Thus the gases traveled the usual path of the Heine boiler as shown 
in figure 5, B. The furnace was entirely lined with refractory mate- 
rial, which made it possible to develop and maintain high tempera- 
tures, and, as it was thought, to insure perfect smokeless combustion. 
The bridge wall in front was built to within 1 1 inches of the tile roof. 
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Several 2-inch pipes 24 inches long, provided witii caps on their out^ 
ends, were bricked into the side walls in order ihst observations of 
ga^ pressures and temperatures at the important places iiuids Uie 
setting could be made. Through these openings special gu iwinplni 
were also collected. The location of these pipe peepholes n dum 
by the letters A, B, C, D, E, and F in figure 5, B. 

Oaa-mixing arch. — A special fire-brick structure was built id the 
combustion chamber about 18 inches from the back of ths'liadge 
wall. The object of this arch was to mix the volatile i iimiTHilililii 
matter with the air and thus facilitate combustion. This ardnoon 
melted down and was rebuilt several times with the beet fin \Kyk 
obtainable, but it never lasted long enough to have muoh eom- 
mercial significance. A detailed discussion of this arch is givm in 
Part II of this bulletin, page 296. 

Hughe« smoke preventer. — The boiler was equipped with a TTngtmi 
automatic smoke preventer, a device that after each firing aato- 
matically admitted air above tiie-fnel 
bed and at the same time opeoed 
steam jets to mix ihe air with the 
^ combustible matter driven off the 

freshly fired coal. Both the air and 
tlie steam jets were cut off slowly b; 
a weighted piston working in a cylin- 
der filled with oil. The slow motion 
of the piston wss obtained by paaBDg 
the oil through a small pipe containins 
a valve; by regulating this valve tlu 
time during which the steam jets and 
_ : , the air dampers remained opm eould 

FlQimg a.— AntDge m aDtoftteam piping and«r , ,. , i i . ■ rrS 

EnMorbcdieniN«.i,i,uidi. be adjusted as desired. The steam 

jets were not used, but the damfei 
doors for admission of air were operated on most of the tetti in 
accordance with the judgment of the man in charge of the fire. The 
same effect might have been obtained by leaving the fire doon 
slightly open for about two minutes after each firing. 

Grate. — The grate consisted of single bars illustrated in figure 6, A. 
They were one-half inch wide and constructed to give an air space of 
one-half inch 

Steam in the aah pi(.— During the first few tests much trouble was 
experienced from clinker sticking to the grate bars. It was decided, 
therefore, to put a system of piping in the ash pit and admit steam 
under the grate. This pipe arrangement is shown in figure 6. The 
use of steam in the ash pit was preferred to water inasmuch as it was 
desired to keep the ash dry. Live steam was used because the 
piping was much simpler than if exhaust steam were to be used. 
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steam thuB used was not, however, charged to the coal under 
in any case. This use of steam undw the grate reduced the 
3ulty arising from clinker. 

'acJc. — The stack was made of steel and rested on a suitable hood 
ed over the rear wall of the boiler, which provided a direct gas 
^e into the stack. The stack was 37.5 inches in diameter and 
26 feet high above the grate. A damper was placed in the 
adrical portion immediately above the hood. Wires were run 
1 the damper over suitable pulleys to the front wall of the boiler 
R, where they were within easy idch of the man in charge of the 



team pipes. — The steam pipes from the boiler to the header are 
trated in figures 7 and 8 and Plate 1, .4. Steam was taken from the 
er through a tee and a short section of 6-inch pipe in which was 
«d a calorimeter nipple. A safety valve was connected to the 
et of the tee. All steam pipes and the feed and wat«r pipe from 
injector were covered with good sectional pipe covering. The 
jn pipe leading to the Corliss engine contained a separator placed 
ut 18 inches above the throttle valve. 



ioiler No. 2 was at first exactly like boiler No. 1 with respect 
construction and setting, so that the description ot boiler Nq, \. 
'lies to boiler No. 2. In 1905, soon after ■'tke. ^«6^]av?, -wotV-wm. 
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resumed, the plain grate of the boiler was replaced by a McClave rock- 
ing grate arranged in four sections of somewhat smaller area. This 
grate was 6.07 feet long by 6 feet wide, and had an area of 36.4 square 
feet. The air spaces in the grate occupied 30 per cent of the totiil 
area. Other details of the boiler setting remained the same, and 
therefore its designation was not changed. 



BOIUa MO. 8. 



No official tests were made on boiler No. 3, and therefore its de- 
scription need not be given herw 




1 






A 





FiGUEE 8.— Top view of piping, tanks, oio., bcilar No. 1. 

BOHiXB iro. 4. 

Boiler No. 4 was boiler No. 1 reset in a specially designed air-tigb 
setting. The setting as described under boiler No. 1 and illustrate^ 
in figure 4 was in use from August, 1904, to August, 1906. Duito 
this time it was believed that a considerable quantity of air filter©' 
into the setting through the brick wall, although a man was almofi 
constantly employed in stopping and painting over any visible cracb 

It was further believed that if these leaks were absolutely prevente 
the over-all eflGiciency would be raised, and more accurate analyses f 
the flue gases could be made on which to base ratable heat balance^ 



. 'Uh r:i-w YORK 
■/!i3Lii- j.IBHARY 



I 



ASTCR. 1.= N ;« AND 
TiLDtN FOONOAT'.UNf. 



DESCBIPnON AND COMPLiETE FINAL DATA OF TESTS. 23 

. was desired particularly to obtain accurate heat balances. Accord- 
Lgly, in August, 1906, a specially designed boiler setting was built 
id entirely inclosed in an air-tight sheet-iron casing. The latter 
as made of No. 16 sheet iron and bolted together with i-inch machine 
>lts, the lap joints being made air tight by putting tar roofing paper 
itween the metal plates. The whole structure of the casing was 
3pt in shape and in place by stiff eners of 2-inch angle iron. 

The side wall of the setting consisted of two entirely independent 
alls, separated by a 1-inch air space. The inner wall was 9 inches 
lick and was built entirely of fire brick. The outer wall was 8 inches 
lick and was built of special hollow tiles. These tiles were 10 inches 
»ng, 8 inches wide, and 4 inches high, and had two air spaces each 3^ 
Lches square, running lengthwise. Figure 8 shows the construction 
t the side walls. 

The sheet-iron casing was placed 5 inches from the outside of the 
ollow tile wall so that there were four air spaces between the inner 
rail and the sheet-iron casing. The top of the casing was about 4 
iches higher than the highest point of the steam drum. In the rear 
he top was fitted under the sheet-iron hood of the stack. In the 
ront and in the rear access to the boiler was had by suitable doors in 
he casing, which were kept air tight by rubber gaskets. 

Furnace. — While this special setting was being erected some 
hanges were introduced in the construction of the furnace. The 
Tate was lowered 4 inches, with the object of obtaining more space 
>etween the grate and the roof of the furnace, so that a thicker fuel 
>ed could be used when burning briquets. To enable the fireman to 
ontrol the top of the fuel bed, the front of the furnace was made with 
louble firing doors one above the other. It was the intention to use 
he upper doors with thick fuel beds, and the lower doors with thin 
uel beds. The combustion-chamber mixing arch as previously used 
<^as abandoned; instead of it eight piers of small fire brick were built 
»ii top of the bridge wall, as shown in figure 8. These piers had sev- 
•lal advantages over the mixing wall. They were easier to build, 
'08t less, and lasted longer. It would seem that another advantage 
►f these piers was that the mixing of the gases was done closer to the 
r^ite, giving the mixture more space in which to burn and more time 
or complete combustion. However, this was not so, because after 
•he mixture left the piers, it passed in a straight line into the openings 
wuong the tubes of the boiler. The mixing wall in the combustion 
Aamber diverted the gases from a straight line, making their path 
longer and thus making more of the combustion space effective. 

Five openings into the furnace were provided on each side of the 
setting for the purpose of measuring temperatures and sampling gases. 
These openings were made by bricking into the walls pieces of iron 
pipe about 30 inches long with two threaded flanges and a caij oyl^Jcl^ 

99133°— Bull. 23—12 3 
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outside end. An air-tight joint wilii the casing around each 
obtained by means of the two flanges. When any of these 
were not in use they were kept closed by the threaded caps. . 

The dimensions and other featur ) of this special setting 
same as in the setting of boiler No. 1. 'j 

i 

bohab vo. 5. ' 

t, I 

Boiler No. 2 of the St. Ijouis plant was set up at Norfolk } 
Jones underfeed stoker and designated as boiler No. 5. FH 
illustrates the boiler and its setting. 

Stoker, — ^The underfeed stoker is a device that feeds frd 
into a horizontal retort underneath the fuel that has al 
ignited. The retort is in the middle of the furnace and extep^ 
the front furnace wall nearly to the bridge wall. The fuel^ 
a heap and the refuse, which is generally melted, slides to tb 
of the furnace and must be pulled out with a hook through the 
provided for this purpose in the front of the furnace. The air 
sary for the combustion of the coal is admitted under pressure tl 
numerous small openings at the top of the sides of the retort 
method of introducing the air is not unlike that used in the 
smith forge, the air entering the retort in two opposite rows < 
The coal is pushed beneath the burning heap of fuel in compan 
large charges by a plunger operated by a steam-actuated piste 
cylinder similar to that of a steam engine. This feeding mecl 
is controlled by an automatic device. On each side of the ret< 
dead plate with no perforations; all the air is added either tl 
the tuyeres or the cleaning doors. 

Setting. — ^The details of the setting are illustrated in figure 9 
boiler was set 2 J feet higher than it was when equipped wi 
hand-fired furnace. The walls were built and the baffles ir 
exactly in the same way as described in connection with boiler 

Oas-mixing arch. — There was no gas-mixing structure in th( 
bustion chamber of this boiler. 

Draft. — The pressure drops (''draft") were produced by fan 
exhaust fan was placed between the hood and the stack, whi 
hausted gases from the setting. The reduction in pressure 
hood could be regulated by controlling the speed of the fan; tt: 
done by adjusting the governor of the engine driving the fan 
pressure could be further regulated by means of a damper pla 
the flue between the fan and the hood. 

The Jones underfeed stoker made necessary the use of a pi 
fan also. This fan was direct-connected to a 5 by 5 inch 
engine. The speed of the fan and consequently the pressure 
entering the tuyeres was regulated by an automatic device whic 
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led the fuel supply so that the man running the fire was left 
operate the damper. 

71 pipe. — ^The steam pipe between the boiler and the header 
nilar to that illustrated in figure 7, with the exception that the 
1 section of the pipe containing the calorimeter nipple was 4 
ag. All steam pipes and the feed-water pipe from the injector 
3vered with sectional pipe covering. 

Table 2. — Principal dimensions of boiler No. 5. 

eU name Heine safety boiler. 

5 rated by builders, horsepower 210 

isions same as given for boiler No. 1 in Table 1, page IS. 

)f stoker Jones underfeed. 

1 of furnace from front furnace wall to bridge wall feet. . 6. 3 

. of furnace between side walls do 6. 2 

1 of retort do 5 

. of retort do 1. 125 

f retort square feet. . 6. 625 

isions of air openings inches. . 0.5 by 2.25 

irea of air openings square inches. . 72. 25 

je height of furnace inches. . 45 

x>mbustion space including combustion chamber cubic feet. . 425 

actional area between tubes square inches. . 1, 612 

f gas entrance to tube chamber do 1,070 

f gas exit from tube chamber do 640 

in: 

I by a 5 by 5 inch steam engine direct-connected to shaft of fan. 

of fcin A inerican IJlower Co 

ter of casing feet. . 9 

of casing inches. . 24 

ter of wheel feet. . 8. 3 

xlmate number of revolutions when boiler ran at rated capacity 400 

m: 

I by a 5 by 5 inch steam engine direct-connected to fan. 

ter of casing feet. . 7 

of casing inches. . 36 

ter of wheel feet. . 5. 5 

ter of gas inlet inches. . 42 

ter of gas outlet do 36 

xlmate number of revolutions when boiler ran at rated capacity 400 

1 of flue from boiler to fan feet. . 10 

ter of flue inches. . 42 

uction Steel supported by guy wirea. 

k above grate feet. . 60 

t above center of exhaust fan do 40 

ter inches. . 36 

f cross section square inches. . 1,018 

BOHiEB NO. 6. 

3r No. 4 of the St. Louis plant when moved to Norfolk was set 
h a hand-fired furnace and designated as boiler No. 6. The 
irere built of the same material as they were at the St. Louis 
md the setting was inclosed in the same sheet-iron casing, 
ate was raised to the same height that it had in the standard 
of boilers Nos. 1 and 2, and the standard cast-iron furnace 
Laving three single fijing doors was used in place of the one of 
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spocial design. The furnace had the usual tile roof made of fiat- 
bottomed tube tiles. The setting of boiler No. 6 is illustrated in 
figure 10. 

Baffiing. — The special feature of tliis setting was the double path 
for the gases tltrough the tube space of tlie boiler. Tlus double path 



FiocRE 10.— Setting of boiler No. 0. 



was obtained by inserting an additional horizontal baffle between the 
seventh and eighth horizontal row of tubes. This baffle divided the 
tube space into two unequal portions or chambers. The baffle and 
the path of the gases are illustrated in figure 10. The gases entered 
the tube space in the rear of the boiler and flowed under the inserted 
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baffle to the front of the boiler, coming in contact only with the lower 
six rows of tubes, not counting the one which supported the tile roof. 
At the front of the boiler the gases entered the upper portion of the 
tube space and flowed to the rear of the boiler, where they passed 
into the hood and out into the stack, not coming in contact with the 
steam drum, except a small part of it in the rear of the boiler. 
This method of baffling puts the heating surface of the tubes in 
the two passes in series, which arrangement causes a greater heat 
abstraction from the gases. This advantage is discussed more fuUy 
in Part IT of this bulletin under the caption ** Principles involved 
in heat transmission in steam boilers." To insert this additional 
baffle, the eighth horizontal row of tubes was taken out and the tiles 
forming the middle baffle were placed on top of the seventh row 
through an opening in the side wall. This method of baffling Heine 
boilers was devised by W. L. Abbott and A. Bement of the Common- 
wealth Edison Co. of Chicago. 

Ods-mixing piers. — ^There was no gas-mixing structure in the com- 
bustion chamber of this boiler setting. However, a number of piers 
of small fire brick similar to the piers used in the setting of boiler 
No. 4 were built on top of the bridge wall, which, perhaps, served the 
same purpose as weU. The location and construction of these piers 
IS illustrated in figure 10. 

Draft. — The pressure drops (''draft") were produced by an exhaust 
fan placed between the hood and the stack. A pressure fan was also 
connected to the ash pit so that air under pressure could be supplied 
to the latter when desired. The engine driving the exhaust fan was 
equipped with a centrifugal governor that could be adjusted to 
obtain any desired speed within certain limits. Besides this regula- 
tion of the fan the gas pressures (drafts) could be controlled by a 
damper placed in the flue connecting the hood with the fan. When 
Using the pressure fan, the air pressure in the ash pit was controlled 
partly by a throttle valve on the fan engine and partly by a damper 
controlling the admission of air into the ash pit. 

Steam pipes. — ^The method of piping the steam into the header was 
the same as illustrated in figure 7. On this boiler the vertical section 
of the pipe containing the calorimeter nipple was 6^ feet long. All 
steam pipes and the feed- water pipe from the injector were covered 
with sectional pipe covering. 

Table 3. — Principal dimensions of boiler No. 6. 

^^Qmmercial name Heine safety boiler. 

^^apacity as rated by builders horsepower. . 210 

^iler: 

Water-heating surface of tabes square feet . . 1 , 897 

Water^iesting smfaoe of water legs do — 91 

Total effective water-heating surfiice do 1,988 

Other dimensions same as for boiler No. 1. 
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Furnace: 

Tj-pe Haodflicd. 

Kind of grate -' PWn. 

Length of grate feet.. 6.5 

Width of grate. do.... 6.1 

Area of grate square feet . . 38. 7 

Dimensions of air spaces inches., as by 17.5 

Ratio of grate area to air spaces 40 to 17 

Mean height of ftimaoe above grate inches. . 26 

Total oombostion space, including combustion chambtf cubic feet. . 175 

Ratio of combustion space to grate area 4.41 

Cross-sectional area between tubes square inches. . 1,612 

Area of gas entrance to first pass in tlie tube chamber do 1,070 

Area of gas entrance from first pass into second pass do 856 

Area of gas entrance fh>m second pass into hood do 713 

Depth of ash pit below grate inches. . 26 

Fans: 

Exhaust fan driven by a 5 by A inch steam engine direct connected to fan. 

MalLcr of fan The Green Fuel EconomiserCo. 

Diameter of casing feet.. 7 

Width of casing inches. . 38 

Diameter of gas inlet do 42 

Diameter of gas outlet do 36 

Approximate number of revolutions when boiler ran at rated capacity 400 

Length of flue from boiler to fan feet. . 10 

Diameter of flue inches.. 42 

Pressure tan driven by 4 by 4 inch steam engine direct connected to fan. 

Maker of fan B. F. Sturtevant Ob. 

Diameter of casing feet. . i 5 

Width of casing inches. . 8 

Diameter of air inlet do. ... 30 

Diameter of air outlet do 22 

Approximate number of revolutions when boiler ran at rated capacity i5flO 

Length of air duct from fan to ash pit feet. . 26 

Diameter of air duct inches. . 24 

Stack: 

Same as for boiler No. 5 

OTHER APPLIANCES USED IN STEAMING TESTS. 

WBIOHINO SCALES. 

All four scales were furnished by Fairbanks; Morse & Co. The 
two scales for weighing water were of 1,000 pounds capacity. They 
were set on a platform 4 feet high. The scales were calibrated with 
a 50-pound standard weight and a tank of water and were found 
correct. 

The two scales used for weighing coal were of 2,000 pounds capacity. 
They were set in front of the boilers with their platforms flush with 
the floor of the boiler room. 

WATER-WEIOmNG TANKS. 

The water fed into the boilers was weighed in two tanks specially 
designed and constructed for the purpose. These tanks are illus- 
trated in figure 5, D. They were made of galvanized iron. The 
special feature of these tanks was the funnel-shaped bottom and the 
inverted-funnel top. This shape of the top and bottom permitted 
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accurate filling and quick emptying. The outlets of these tanks were 
provided with quick-opening gate valves. The capacities of the two 
tanks were 634 and 633 pounds of water at about 60° F. Owing to 
the small necks of these tanks, any possible variation in the height 
of the water above the overflow was so small that it could not be 
detected with the scales. 

SUCTION TANKS. 

The measured water was discharged into two suction tanks placed 
on the floor, as illustrated in figure 7. Figure 5, C, illustrates the 
details of the suction tanks. They were made of galvanized iron 
and were stiffened at the bottom and at the top with 1-inch angle 
irons. These tanks were equipped with floats which indicated the 
height of water in the tanks at all times. A difference of 1 inch in 
the height of water in each tank was equal to 59 pounds of water.- 

CHARGING CAR. 

The coal-charging car was built entirely of steel; the size of the 
box holding the coal was 54 by 30 by 13 inches. One side of this box 
was hinged and could be lowered to make charging more convenient. 
The capacity of this car was 700 pounds of soft coal. 

SAMPLING CANS. 

Four sample cans were provided for keeping samples of the coal 
and ash. They were 18 inches in diameter and 30 inches high. 
They were made of galvanized iron and provided with close-fitting 

covers. 

FLUE-GAS SAMPLERS. 

In sampling the flue gases it was important that the sample col- 
lected should represent the average composition of the stream of 
gas leaving the boiler setting. To obtain such a representative sam- 
ple, all the boilers previously described were equipped with special 
devices. 

Boilers Nos. 1 and 2 were provided with gas samplers recommended 
by the code of the American Society of Mechanical Engineers. These 
apparatus were constructed beforehand and installed while the two 
settings were being erected. Details of construction are given in 
figure 11. 

The sampler consisted essentially of a thin box of galvanized sheet 

it)n. The width and length of this box was the same as the inside 

dimensions of the brick smoke flue supporting the hood of the stack. 

from this box 85 pieces of standard i-inch pipe each 5 feet long led 

to the flue and were so placed as to give one opening for each 40 
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square inches of flue area. These pipes were all of ih.e same lengtli 
and the ends were cut squaie, to insure the stune flow of gas throu^ 
all of them. They were bricked into tiie rear wall of the flue about 
7 inches below the top. The location of the sampler with respect 
to the setting is shown in figure 7. As these pipes had to be adjusted 
to the right place in the flue area before the last three courses of biick 
were laid, it was impractical to have the pipes soldered into the box, 
therefore the side of the box through which these pipes passed wm 
provided with a Up forming a narrow trough. The pipes fitted snii^ 
into the holes in the lip and the side of the box and an air-tigbt 
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joint was obtained by filling the trough with plaster of Paris. Aa 
an additional precaution against leakage of air, a thin layer of piteh 
was spread over the plaster. The method of making this joint is 
illustratod in the lower leftr-hand comer of figure 11. 

From the sample box four i-inch pipes led to a 3-inch cube of 
galvanized iron, and out of this cube the gas was drawn through a 
single J-inch pipe connected to a water aspirator. The object of 
the four 1-inch pipes and the cube was to draw gases from four 
different portions of the box and mix them in the cube before finally 
collecting them for chemical analysis. The aspirator caused a con- 
tinuous flow of gases through the |-inch pipe. 
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Tte method of collecting samples of gas for chemical analyses is 
illustrated in figure 12. 

A tee was fitted in the pipe leading from the cube to the aspirator 
and from the extra opening of this tee the gas sample was drawn 
through a filter into a collecting bottle. The " suction '' was produced 
by first filling the collecting bottle A and the glass tube connecting 
it to the filter with water and then siphoning the water through a 
flexible rubber tubing into an empty collecting bottle B, placed on 
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FioxTBB 12.— Apparatus for collecting gas samples. 

a lower level. As the water level in A dropped, a vacuum was formed 
above it and the gas rushed in through the filter and the cock C from 
the continuous stream of gas. The filter was placed in the connections 
to separate the soot from the gas, thus preventing it from entering 
and clogging the capillary tubes of the analyzing apparatus. The 
rate at which the gas flowed into the bottle A could be adjusted by 
the pinch cock P, so that the time of collecting the gas sample could 
extend over any desired period. At the end of each period of collecting 
the sample the pinch cocks P and R and also the cock C were closed, 
the connections between the filter and the rubber tubing carrying R 
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were sepsrated, and another pair of collecting bottles was attacW 
and the cocks properly adjusted for the collection of the next sample. 
The gas sample in A was then forced into an Oisat or other chemia] 
apparatus and analyzed. By these means the average compositjon 
for any desired period could be obtained. 

The gas-sampUng device illustrated in figure 11 is too elaborate, 
is rather difficult to install, and in a majority of cases would be 
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impracticable, therefore a single-tube sampler was placed in the 
ho»d and samples drawn from it were analyzed and compared with 
the samples drawn through the box sampler. The results of these 
oxfiorimentH are given and discussed in Part II, page 296. This 
Hingle-tube sampler was of i-inch iron pipe 7 feet long, plugged at 
one end and perforated with tV-™*'!^ holes 6 inches apart, the holes 
being on the side away from the staream of gas to prevent soot from 
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tiiem. Hie sample of gas was drawn from this sampler by 
4 of an aspirator and two leveling bottles, as described on 

n. 

ler No. 4 was equipped with the gaa-«ampling device illustrated 

ure 13. 

i object of this design of sampler was to obtain gas from various 

of the stack and mix the gas before its temperature was taken 
sample drawn for analy- 

rhe sampler was made of 

6 sheet iron and consisted 

vertical cyUnder S inches 

meter, to which were con- 

d, by means of a double- 
shaped body, six scoops 

ig an angle of 45° with the 

it the cylinder. The di- 

OQS of the cross section 

ese scoops were 21 by 3 

I. In the bottom of each 
was a V-shaped opening 
diminished toward the 

- of the sampler, as illus- 

l in the bottom view of 

svice in figure 13. 

I sampler was placed in 

)und portion of the stack 
2 feet below the damper, 

nds of the scoop being 
4 inches above the top a- 

I hood. The largest diam- 

'f the scoop was about 6 

; smaller than the diam- 

f the stack. The sample 

s was drawn through a 

, pipe, the end of which '^' 

laced in the center of the frouaE u.- 

er. The bulb of a mer- 

hermometer was also placed in the center of the cyhnder about 

,es above the gas-sampUng tube, 

i construction of the gas sampler permitted accurate deter- 

ion of the averse flue-gas temperatures, as well as the collec- 

>f average flue-gas samples. To prevent the cooling of the 

by radiation after they had left the heating surface of the 
tb.1) hood and the base of the stack were covered with a layer 
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of asbestos. At the end of five months' service this sampler was 
found in perfect order in every respect and free from soot inside. 

The gas was collected in the same manner as described in connec- 
tion with figure 12. 

• The two gas samplers used with boilers Nos. 5 and 6 were con- 
structed on the same principle as the one just described. On account 
of the exhaust-fan installation, the gas samplers in these two boilers 
were placed in the rectangular brick flues supporting the hoods. 
This location necessitated some changes in the details of construction 
of the samplers. Figure 14 illustrates their location in the flues and 
their construction. The two samplers were exactly alike. The 
body of each was a frustum of a cone provided with a bottom and 
open at the top. Into the bottom were fitted eight cylindrical scoops 
about 3 inches in diameter and about 3 feet long, which were open 
only at their ends. 

The scoops were so arranged that four of them collected gases 
from one side of the drum and four from the other side, as illustrated 
in figure 14. A cap was attached to the top of the cone about 4 
inches above the opening. The object of the cap was to screen the 
thermometer bulb placed in the cone so that the bulb could not 
radiate heat to the cold sheets of the hood above the sampler. The 
gas tube and the thermometer were placed in the cone of the sampler, 
as illustrated in figure 14. The gas tube was extended into the 
chemical laboratory (see fig. 3) and connected to a water aspirator 
which induced a continuous flow of gas through the tube. Samples 
of gas were collected as described on page 31. 

ORSAT APPARATUS. 

The Orsat apparatus consisted of the usual measuring barrel and 
three pipettes for the absorbing solutions. The measuring barrel 
was graduated to 0.2 c. c. The absorption pipettes were provided 
with flexible rubber sacks which prevented fresh air from coming in 
contact with the solutions and weakening them. The solutions used 
were potassium hydroxide for the determination of COj, pyrogallic- 
acid solution in potassium hydroxide for the determination of O,, and 
cuprous chloride solution for the determination of CO. The Orsat 
apparatus is shown in Plate I, B. 

FLUE-OAS THERMOMETERS. 

The mercury thermometers used for the determination of flue-gas 
temperature had compressed nitrogen gas above the mercury columns 
and could be used for temperatures up to 1,000° F. The stems were 
about 30 inches long and were graduated for about 12 inches. These 
thermometers were made by the Hohmann & Maurer Manuf actu^ 
ing Co. 
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The recording flue-gas thermometer was essentially an air ther- 
mometer. It consisted of an air bulb which was connected by a small 
copper tube about 50 feet long and about 0.5 mm. in inside diameter to a 
sensitive pressure gage. The volume of air in the bulb was very large 
compared to that in the small copper tube. The bulb of the ther- 
mometer was placed in the hood, and as the air was heated it expanded 
and the increase in pressure due to the increase in temperature was 
transmitted through the tube to the recording gage. The pressures 
were recorded on a circular sheet of paper which was rotated at a 
uniform rate by clockwork. The divisions on the circular sheet were 
such that the temperature in degrees Fahrenheit could be read directly 
from the records. 

PYROMETERS FOR MEASURING FURNACE TEMPERATURE. 

At first, attempts were made to obtain regular readings of the 
furnace temperature by a platinum and platinum-rhodium thermo- 
couple connected to a nuUivoltmeter graduated in degrees Fahrenheit. 
However, the insulating porcelain tubes of the thermo-couple either 
cracked or were otherwise destroyed by the slagging action of the 
gases, so that in no test was a complete set of furnace-temperature 
readings obtained. The thermo-couple was tried with the bare 
wires exposed to the furnace gases, but the same slagging action 
reduced the wires and destroyed the couples. Therefore, the method 
of measuring the furnace temperature by thermo-couples was 
abandoned. 

Later, in 1905, a Wanner optical pyrometer was tried for furnace- 
temperature measurements and found very satisfactory. A large 
number of tests were made with a complete set of readings of the tem- 
perature in the combustion chamber and several tests with the readings 
of tenaperatures in the fuel bed, above the fuel bed, and above the 
bridge wall. The Wanner optical pyrometer is really a photometer. 
Its working is based on the relation that exists between the tempera- 
ture of a hot body and the intensity of the light that the body emits.** 
The temperature is measured by comparing the light emitted by a 
body whose temperature is to be determined with a light of standard 
intensity. The standard light is a 6-volt incandescent lamp illu- 
minating a ground-glass surface. A beam of monochromatic (red) 
light from this source, produced by means of a direct-vision spectro- 
scope and a screen cutting out all but a narrow band in the red, and a 
similar beam from the hot body whose temperature is to be deter- 
mined^ are passed into a photometric telescope, each beam illu- 
minating one-half of the telescopic field. The photometric com- 
parison is made by adjusting to equal brightness both halves of the 

<s For the theoretical discussioii of this subject see Waidner, C. W., and Burgess, O. K., " Optical psrrom- 
etry," U. S. Bureau of Standards Bulletin No. 2, 1905, pp. 226-232. 
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field by means of the polariziiig arranfi^einent. The incandescent 
lamp 18 Buppliod with current from a three-cell storage battery. Hie 
lamp itHolf was standardized by comparing it with an amyl-acettte 
standard lamp. 



CALOUMBTSSS. 



For determining the moisture in steam either separating or 
throttling calorimeters were used. They were of standard con- 
struction and were supplied by the Schaefer & Budenberg Company. 
Steam was sampled with a standard nipple inserted in the vertical 
section of tho steam pipe inmiediately above the boiler; the calorim- 
eter connection is shown in figure 15 and Plate I, A. 
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DRAFT GAnES. 



The draft gages used on all of the tests were of the inclined-tub© 
typo and were supplied by tho Ellison Draft Gage Company, of 
CWcago. The liquid used in those gages was light mineral oil, which 
insured an easy movement of the levels. The scale was so graduated 
that the gas pressure was indicated directly in inches of water. In 
addition to the Ellison draft gages, Bristol recording draft gagefl 
were used on most of tho tests after the first series. These instru- 
ments consist of sensitive pressure gages; an ink pen automatically 
records the intensity of draft in inches of water on a circular sheet 
of paper which is revolved at a uniform rate by clockwork. 
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COAL-SIZINQ SCREEN. 



The screen used in sizing the coal consisted of a revolving cylinder 
ofv perforated sheet iron of No. 16 gage. The cylinder was 6 feet 
long and 1 foot in diameter. 

The perforations were round holes and ranged from J inch to 1 
inch in diameter. The holes were arranged in circumferential bands, 
the width of which decreased as the size of holes increased. The 
band having holes J inch in diameter was 24 inches wide; the next 
band had J-inch perforations and was 16 inches wide; the following 
band with f-inch perforations was 10 inches wide; the succeeding 
band with ^-inch perforations was 9 inches wide; the next band with 
f-inch perforations was 7 inches wide; and the last band having 1-inch 
perforations was only 6 inches wide. The end of the screen with the 
smallest perforations was elevated about 6 inches above the other 
end. The coal entered the screen at the elevated end and by rota- 
tion of the screen was gradually conveyed to the lower end. The 
diflFerent sizes were separated by falling through the perforations 
into special boxes placed under each of the bands. 

METHOD OF CONDUCTING THE STEAMZNG TESTS. 
STARTING AND CLOSING THE TESTS. 

In starting and closing all the steaming tests the ''alternate method" 
yfm used. The fires were started from a banked fire between 5 and 
C a. m. and coal was burned at about the same rate as it was to be 
lumed during the test. The steam generated during this preparatory 
period was disposed of either through the engine or by blowing it 
directly into the atmosphere. When the furnace was well heated the 
&e was allowed to bum down to a thickness of 3 to 4 inches and was 
then leveled with a rake, and the test was started. No particular 
time was set for starting a test, the governing feature being a favor- 
able condition of the furnace. The start was usually made between 
7 and 8 a. m. On starting a test the thickness of the fuel bed was 
determined by dropping a rake into the fire at several places and 
noting to what depth the prongs sank into the hot fuel. Record 
was made also of the steam pressure, the height of water in the boiler 
and the suction tank, the gas pressures ('' drafts '0 in the furnace and 
stack, and the load on the boiler. 

About 1 to li hours before closing a test the fires were cleaned. 
An effort was made to burn as much coal after cleaning the fire and 
before closing a test as was burned after cleaning the fire before a 
test was started, so that the amount of ash in the fuel bed would be 
about the same. All the conditions at the close of the tests were 
made as nearly the same as was practicable; the fires were allowed 
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to bum down to the same height, the water in the gage ^ass was 
brought to the same level, and care was taken that the load on the 
boiler was the same as it was when the water level was read at the 
start of the test. The last precaution was important, because the 
height of water in the gage glass varied considerably with the rate 
at wliich the steam left the boiler. If the test was closed with the 
water level in the boiler a little different from what it was when the 
test was started, corrections were made at the rate of 340 pounds 
per inch of water in the gage glass, this quantity being determined 
by actual calibration with cold water. A scale graduated to a quar- 
ter of an inch was permanently attached to the water column, so 
that height of the water could be readily determined. 

In tests made with the Jones underfeed stoker the amount of fuel 
in the bed could not be estimated as easily as in tests with the hand- 
fired furnace, inasmuch as the fuel was heaped in the middle of the 
furnace and a rake or other fire tool could not be used to any advan- 
tage. However, by allowing the fire to bum down somewhat at the 
start and close of a test the error in estimating the fuel was reason- 
ably small. 

WEIGHT OF ASH AND REFUSE. 

Immediately upon starting a test all the refuse was removed from 
the ash pit. At the close of a test the ash pit was again cleaned. 
Ash or refuse taken out of the ash pit or furnace during a test or at 
the end of it was sampled, weighed, and charged to the test. The 
sample of the refuse thus collected was quartered and sent to the 
chemical laboratory for analysis. These statements apply to the i 
hand-fired furnace only. In tests made with the Jones underfeed 
stoker several methods of determining the weight of ash and refuse 
were tried, inasmuch at it proved impractical to actually weigh the 
ash on account of the design of the stoker. 

In tests 601 to 605, inclusive, the weight of ash from each test 
was obtained by weighing the coal and the total refuse for 24 hours 
and then proportioning the ash among the tests according to the 
weight of coal burned during each test. 

In tests 606 to 608, inclusive, the weight of ash was obtained by 
actually weighing the ash and refuse made during each test. 
• In tests 611 to 616, inclusive, the weight of ash was taken as 4.87 
per cent of the weight of the coal burned during each test. The 
above percentage was determined by weighing the coal and the ash 
for a 36-hour run. 

In tests 617 to 619, inclusive, the weight of ash was taken as 7 
per cent of the weight of the coal burned during each test. Tbis 
relation was determined by weighing all the coal and ash for three 
days. 
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In the remainder of the tests the ash was figured from the analysis 
of ihe coal. The combustible ** in the refuse was figured from the 
analysis of a clinker pulled out of the furnace during each test, which 
clinker was assumed to represent the composition of the refuse of 
each test. 

All the above methods used in the determination of refuse in tests 
made with the Jones stoker give the weight of ash and refuse only 
approximately. No great dependence should be put on them. 

WEIGHT OF COAL FIRED. 

The coal fired was weighed in the previously described charging 
car which was placed on a platform scale. The coal and car were 
weighed after each firing and the weight together with the time of 
each firing were recorded until the car was empty. This record gave 
the total coal fired and also the amount chaiged each time. When the 
charging car was empty a signal was given and readings of the height 
of water in the boiler and in the suction tank were taken: A sample 
of coal was taken while the car was being loaded ; about two shovel- 
fuls from each car. This sample was kept in a can with a tight cover 
over night, and the next morning it was quartered and deHvered to 
the chemical laboratory for analysis. 

WEIGHT OF FEED WATER AND FEED-WATER TEMPERATURE. 

The feed water was weighed in a specially constructed weighing 
tank having a funnel-shaped top and bottom. The weighing tank 
discharged the water into the suction tank, from which the injector 
ddivered it to the boiler. The weight of each full tank and the time 
of emptying the weighing tank were recorded. During the test the 
feed pump was disconnected from the boiler so that the water could 
get into the boiler only through the injector. A nipple was taken 
out of the blow-off pipe so that if any water leaked through it could 
readily be detected. 

The temperature of the feed water was measured with a mercury 
thermometer placed in the weighing tank. A reading of the temper- 
ature was taken every time the tank was emptied. 

FLUE-GAS SAMPLING AND FLUE-GAS TEMPERATURE. 

Hue gas was sampled with the apparatus described on pages 29 
to 34, and collected in 2-gallon leveling bottles by the method 
described on page 31. Samples were taken for periods of one-half 
hour on most of the tests and for one-hour periods on the others. 

Determinations of COj, Oj, and CO were made regularly. 

I . 

a The word "dombnstible" In this btdletin signifies coal free from ash and moisture. 
99133**--Biill. 23—12 4 m 
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The temperature of the flue gases wu eithw measured witii a mer- 
cury thermometer, a reading being tak^ eveiy 20 minutes, or it wu 
automatically recorded by a Bristol recording air thermometOT. 

FURNACE TEMFEBATUBE. 



On most of the tests furnace temperatures were taken with a 
Wanner optical pyrometer. Readings were taken r^ularly in the 
rear of the combustion chamber every 20 minutes. On some of the 
tests special readings were taken of the temperature in the fuel bed, 
over the fire, above the bridge wall, and at the foot of the bridge wall 
For regular readings the pyrometer was standardized every momiif ; 
for special readings it was standardized for each set of oli^enrations. 



GAS PBESSUBES (" DRAFTS '')• 
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Gas pressures in the hood, above the fuel bed and in the ash pit, - 
were measured on all tests. Ellison differential draft gages were 
used for this purpose, and readings were taken regularly eveiy 20 
minutes. On some of the tests a continuous record of the pressure 
over the fire was made with a Bristol reconling draft gage. 

STEAM PRESSURES AND MOISTURE IN STEAM. 

Steam pressures were read off a standard pressure gage located on 
top of the boiler. Regular readings were taken every 20 minutes. 
On most of the tests pressures were also recorded automatically by 
a Bristol recording gage. 

The moisture in the steam was determined with either a throttling 
or a separating calorimeter. Determinations of the moisture weio 
made regularly every hour. 

DENSITY OF SMOKE. 

Observations of smoke were taken over 15-minute periods every 
two hours when the condition of the fire was fairly representative. 
Individual readings were taken at 15-second intervals. The density 
of smoke was estimated by comparison with Ringelmann's smoke 
charts. 

CHEMICAL ANALYSES. 

All chemical analyses of coals and refuse were made in the chemical 
laboratory of the fuel-testing plant under the direction of N. W. 
Lord. The analyses were made under the immediate superviaton of 
F. M. Stanton. 

SIZING OF COAL. 

The sample of coal collected during a test weighed about 200 
joounds. This sample was roughly halved by quartering and one of 
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bhe halves was passed through the sizing screen described on page 
37. No attempt was made to take exactly 100 pounds. The coal 
passing through each set of holes was weighed and recorded, the 
vireight of each size being expressed as a percentage of the total weight 
of coal screened. 

The other half of the coal sample was crushed and further reduced 
by quartering and deUvered to the chemical laboratory. 

CLEANING OF BOILERS. 

The boilers were kept regularly in a clean condition. The soot was 
blown oflf the tubes every day, usually in the morning one or two hours 
before starting a test. The inside of the boiler was washed with a 
bose every two or three weeks. The scale was removed from the 
tubes with a water-turbine cleaner every four or six weeks, and at no 
time did it average -^ inch in thickness. 

BBUABIIJTY OF OBSERVATIONS. 

ERROR IN ESTIMATING THICKNESS OF FUEL BED. 

In estimating the thickness of the fuel bed at the beginning and at 
the tod of a test, it was possible to estimate the depth of the fire as 
1 inch too thick or 1 inch too thin. One inch in height over 40 square 
feet of grate represents approximately 3.3 cubic feet. One cubic foot 
of coked coal weighs about 50 pounds, so that the error in weight 
might be about 165 pounds. The total weight of dry coal fired was 
on the average about 8,000 pounds, so that the error in the weight of 
coal consumed might amount to gVW; ^r 2 per cent. This represents 
the probable maximum error from this source. In most tests the error 
was a great deal smaller. 

ERROR IN WEIGHING COAL. 

With the platform scale and the charging car the coal could be 
Weighed to within 1 pound. Each load of coal weighed about 700 
pounds, so that the error from this source might amount to ^j^, or 
0.14 per cent. 

ERROR IN WEIGHT OF REFUSE. 

Refuse was taken to mean everything that fell through the grate 
plvLB the ash and clinker pulled out of the furnace during the cleanings 
^t the fire. The refuse could be weighed with a possible error of less 
than 1 per cent. The effect of this error on the economic results of 
the test would be to increase or decrease by a few pounds the weight 
>f combustible consumed. This error would amount only to a small 
inaction of a per cent and need not be considered. It is worthy of 
lote that the weight of earthy matter in the refuse from a test was 
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usually 15 to 20 per cent short of the amount indicated by a chemical 
analysis of the coal. Tins difference of 15 to 20 per cent is accounted 
for by the quantity of refuse and ash carried by the current of gases 
into the combustion chamber and up the stack. 

It may seem improbable that such a large quantity of refuse would 
be carried away with a total ''draft" of less than 1 inch of water. 
However, if one considers the large quantity of slag and ash that 
accumulates in the rear of the combustion chamber of a Heine fur- 
nace one must admit that even such slow currents of gases carry along 
with them considerable quantities of ash. This fact was observed not 
only at the fuel-testing plant, but also at other places. For example, 
in a series of tests made with the cooperation of the steam engineering 
section by the Commonwealth-Edison Co., of Chicago, at its Har- 
rison Street Station, it was noticed that a circular opening made in 
the rear wall of a Heine boiler for the purpose of measuring combus- 
tion-chamber temperatures was invariably found filled with ash and 
cinders every time a reading was taken. The opening in the wall was 
about 1^ inches in diameter and between temperature readings, 
which were taken every 30 minutes, was kept closed with a piece of 
waste. The ^' draft" was about 0.6 inch in the breaching and about 
0.3 inch over the fire. The furnace was served with a chain-grate 
stoker. The reader may observe similar occurrences for himself in 
almost any boiler plant. 

A test in which the weight of the earthy matter in ash as determined 
by actual weighing is higher than that calculated from the chemical 
composition of coal should bo looked upon with suspicion. The fact 
that ash is carried over the bridge wall has been long recognized by 
the boiler-plant designer, who always provides an ash door in the rear 
of the boiler setting for the removal of the ash. It is also considered 
good practice to put ash doors in the bases of all large chinmeys, and 
experience shows that such precautions are always needed. Although 
these stacks may be connected to the boiler furnaces by long breach- 
ings, a considerable quantity of ash is found in their bases every 
three or four montlis. It is only the heavier pieces of the ash that 
are deposited in the rears of the boiler settings and the bases of the 
stacks; all lighter ash particles are carried out through the stack. 
The quantity of earthy matter carried away with the gases depends 
on the character of the ash. The light fluffy ash which results from 
the burning of some lignitic coals is easily carried away by the slowest 
current of gas, while a very small percentage of heavy ash containing 
a large quantity of iron is lost even with a fairly strong *' draft." 

EBBOB IN WEIGHT OF WATEB EVAPOBATED. 

The water could be weighed within less than a pound, so that the 

error in weighing was insignificant. An error of two or three hundred 

pounds could have been introduced by not\iaNm^t\iek^«baifc\.o^doiithe 
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X)iler when reading the height of water in boiler at the beginning as at 
the end of the test. It may be possible that in extreme cases the 
water level as observed was 1 inch too high or too low, in which case 
the error would amount to 340 pounds. However, the total weight of 
water used during a test was so great that an error of 300 pounds 
would be only about 0.6 per cent of the total. On account of the 
effect of the load on the water level in the boiler, it was useless to read 
the water any closer than to the nearest quarter inch. 

ERROR IN FEED-WATER TEMPERATURE. 

Feed-water temperature was correct within 2° or 3° F.; this error 
might possibly affect the final results by 0.1 per cent. 

ERROR IN FLUE-GAS SAMPLING. 

The sampling of flue gases is a difficult problem in itself. It is not 
hard to analyze flue gases, but it is difficult to obtain an average sam- 
ple. The sample collected with the ordinary single-tube sampler is 
always in error, inasmuch as the composition of gases varies at dif- 
ferent places in any one cross section of the gas stream. Moreover, 
on account of steady leakage into the boiler setting the average gas 
composition at one cross section of the stream does not represent the 
average composition of any other cross section. Samples of gas col- 
lected with the special sampling devices placed in the hoods of the 
boilers used in the steaming tests under consideration probably repre- 
sented closely the average gas composition at the particular cross 
section at which they were taken. It is estimated that the compo- 
sition of gas as given in columns 88, 89, and 90, in Table 4 is for most 
of the tests correct within 5 per cent of itself. In some cases it might 
be 10 per cent ip error, and in a few extreme cases 15 or 20 per cent. 
This means that if the analysis shows 10 per cent of COj, the true 
COj content might have been either 10.5 or 9.5 per cent in case of 
a 5 per cent error and 11 or 9 per cent in case of a 10 per cent error. 
The CO, content was always lower in the hood than in the rear of the 
combustion chamber. 

The error in the sampling of the gas does not aflfect the economic 
results of tests in any way, excepting that it may mislead the man in 
chaise of the fire; but it affects the heat balance, particularly items 
4 and 6. 

EBBOB IN FLUE-GAS TEMPEBATUBE. 

On tests made with boilers Nos. 1 and 2 the readings of the flue-gas 
temperature may be considerably in error, due to the fact that no 
devices were employed to obtain an approximate average temperature 
and to protect the thermometers from radiation. The readings 
J'ecorded were generally low and in extreme instances the error is apt 
to be as much as 100"^ F. 
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On account of the special devices placed in the hoods of boikn 
Xos. 4y 5, and 6, to protect the thermometer bulbs from radiation and 
(<) bring streams of gas from different parts of the cross section to 
scrub against them, the temperatures taken during tests made with 
t hese boilers are correct perhaps within 10^ F. 

The error in the flue-gas temperature does not a£Fect the eoonfmiic 
results of the tests, but it does affect the heat balance, particulaify 
items 4 and 6. The causes of the error in the measurements of flue-gis 
temperature are discussed more fully in Part II, pages 303 to 308. 

ERBOR IN FURNACE TEMPERATURE. 

The furnace temperature readings were obtained with a Wanna 
optical pyrometer. Most observations were made by looking into 
the combustion chamber at a point about* 2 feet from the rear end and 
1 foot below the tile roof. When observing the flame, which was 
generally done, the indications were perhaps well within 100^ F. of the 
right value. In the absence of flame, light was received from the 
opposite wall, which was plainly cooler than the gases, as was evident 
on comparing it by eye with the tile roof near by; and even this lattff 
was cooler than the gases which heated it, because heat was constantly 
])as8ing upward through the tile into the water tubes. How much too 
low such readings were could not be determined, perhaps 100^ to 200^ 
F. In general, the tests on coals low in volatile matter showed too 
low combustion temperatures. The error in furnace temperature 
does not affect the economic results nor the heat balance of the teste. 

ERROR IN OAS PRESSURE C'dRAPTS"). 

The recorded readings of the gas pressures in various portions of 
the boiler setting are perhaps well within 0.05 of an inch of the true 
value. The errors in these readings do not affect the economie 
results nor the heat balance of the tests. 

ERROR IN STEAM PRESSURE. 

The pressure gauges from which the readings of steam pressure 
were taken were correct within 2 pounds and could be read within a 
pounds so that the maximum possible error on any of the tests wae 
about 3 pounds. This error is so inappreciable and its effect on the 
economic results so small that it does not need any further considera- 
tion. 

ERROR IN MOISTURE IN STEAM. 

The determinations of the moisture in the steam are at the best 
only approximate, although great care was exercised in taking the 
readings. Any error that was introduced, in these observations was 
mostly due to the fact that the steam drawn into the calorimeter 
did not represent the quality of steam flowing through the steam 
main. The values of the moisture of steam given in Table 4 are per- 
iaps correct within 25 per cent oi thfimaelvea-, tW\i\a/iim>afcL^\ssi^^ 
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•he moisture in steam is given as 1 per cent, the true value might 
lave been anywhere between 0.75 and 1.25 per cent. The error in 
the moisture in steam affects the economic results of the tests 
directly. 

EBROB IN DENSrrr OF SMOKE. 

The smoke observations are perhaps as accurate as can be obtained 
by means of smoke charts. The values given in Table 4, column 83, 
luuler the heading ''Smoke (per cent of black)/' are reliable and suf- 
ficiently accurate for comparison. 

ERROR IN CHEMICAL ANALYSIS. 

Any errors in the chemical analysis of coal and refuse are largely 
due to errors in sampling; that is, the chemist's work is accurate, 
perhaps within a fraction of a per cent, but the sample of coal and 
the sample of refuse collected were not accurately representative of 
the true average composition of the coal and ash. Although samples 
>f coal were taken with great care, it is possible that the sample con- 
l^ained 1 per cent more or less ash or 1 per cent more or less moisture 
than the coal that was burned. Furthermore, on warm days the 
coal samples lost some moisture while being quartered on the floor 
of the boiler room; further loss of moisture might have occurred 
while the quartered sample was being prepared for a moisture deter- 
mination in the chemical laboratory. It is difficult to ascertain the 
error due to these causes, but it is possible that the moisture and ash 
determinations of the coal are 1 per cent too high or too low. The 
errors in these two determinations affect the heat value of the coal 
and thereby the economic results of the tests. The first and last 
items of the heat balance are also directly affected. 

The error in the ash analysis is not so serious as that in the coal, 
although it is more difficult to sample lai^e pieces of clinker than 
crushed coal, which is more uniform in size. The total weight of refuse 
inmost cases is only a comparatively small percentage of the total coal 
burned, so that even if the ash analysis were 2 or 3 per cent in error, 
its effect on the economic results and on the heat balance would only 
be a fraction of a per cent. 

There are probably a few tests in which the errors discussed in the 
preceding paragraphs are accumulative; that is, tests in which the 
errors are all in the same direction. In such tests the final results 
would be 3 per cent too low or too high; hence, in two extreme cases 
where the errors are accumulative in the opposite directions, tests 
which actually gave the same results might be represented by data 
6 per cent apart. In a majority of the tests these errors are naturally 
compensating; that is, the various errors have different signs, so that 
their algebraic sum is close to zero. Of course, in the large number 
of steaming tests made, it is to be expected that in a lew t^\s» l\i^ 
errois are accumulative and the results may be 3 pet ceiiA m crcot. 
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BBBX7LT8 OV TB8T8. 

The averages of the data and the calculated results of all the 
regular steaming tests made at the fuel-testing plant to the end of 
1908 are given in Table 4. The tests are reported as far as possible 
in accordance with the reconmiendations of the American Society of 
Mechanical Engineers. Some modifications were necessary in order 
that the complete record of so large a number of tests could be 
formed into a compact reference table. The tests are anranged 
alphabetically according to States, and under each State according 
to the number by wliich the coal has been designated. If more than 
one test has been run on the same coal the tests are arranged accord- 
ing to the numbers of the tests. This arrangement facilitates any 
cross references to the data and results of the tests when the official 
designation and the number of a test is known. The large number 
of columns required for tabulating the data for each test necessitated 
the repetition of the individual test nimibers on several subsequent 
pages. The complete data and results of any individual test will be 
found by considering in order in one group all the pages on which 
that test number appears in the identifying columns 1 and 2. 

The vertical columns are numbered from 1 to 105. The economic 
results are given in columns Nos. 75, 76, 77, 79, 81, and 82. 

When comparing the results of any group of tests the notes on 
the individual tests should be consulted. It may be found that poor 
results were duo to unfavorable conditions, or it may be that some 
of the (lata are unreliable — a fact that is stated in the notes. 

The economic results of the first 20 tests made in 1905 (test No. 
101 to test No. 120) are low on account of the poor condition of the 
boiler setting, which, during the long idleness through the cold win- 
ter weather, became leaky. The air that filtered in lowered the 
CO2 content and increased the free oxygen in the flue gases. In an 
attempt to increase the CO3 content the oxygen supply to the fur- 
nace was so reduced that incomplete combustion resulted, which 
lowered the economic results of these tests. The leaks were not 
easily detected and the trouble was not discovered until the first few 
tests were computed and their efficiencies found to be low. Inas- 
much as it took several days before analyses of the coal samples were 
obtained and the tests computed, about 20 tests were made under 
these conditions. After that the boiler settings were painted and ft 
man was employed almost constantly in keeping them tight. 

EXPLANATION OF ITEMS IN TABLE 4 AND METHOD 07 COIC- 

PITTING THEM. 

The items of the tests are given in Table 4 in the vertical coliunns* 
Each column has a short heading and is numbered. The number^ 
in parentheses are those of the code for boiler tests of the Americaix 
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Society of Mechanical Engineers. The headings only suggest what 
the vertical columns contain. A full explanation of each item is given 
in the foUowing paragraphs: 

Column 1 gives the senal number of each test. When the steam- 
ing tests were started the first test was called test No. 1, the second 
test was called test No. 2, and so on. The niunbers of the tests show 
in what order the tests were made. There were no tests numbered 
79 to 100. 

Column 2 gives the name of the State from which the coal came 
and the niunber of the coal by which it was designated at the fuel- 
testing plant. For example, the coals were known at the plant as 
Alabama No. 1, or Illinois No. 5, and without any reference to the 
mine or the bed from which the coal was mined. 

Column S gives the name of the coal bed or seam from which the 
coal came. 

Column 4 gives the name of the place near which the coal bed Ues. 

Column 5 gives the size of the coal as it was shipped from the mine 
to the fuel-testing plant. For instance, coal described as "over 
1-inch screen/' passed over a screen having holes 1 inch square; 
coal described as "run-of-mine" left the mine in exactly the same 
size and condition as it was when mined. 

Columns 6 to 9, inclusive, give the percentages of the sizes of the 
coal as fired. These percentages were determined by passing a sample, 
about 100 pounds, of the coal through the screen described on page 
37. Where the figures are missing no sizing tests were made. In 
the first 78 tests the size of coal was estimated, and in the table is 
given in percentage of limips, small coal, and slack. 

C6lv/mn 6 gives the percentage of the coal that went over a screen 
having round holes 1 inch in diameter. 

Column 7 gives the percentage of the coal that went over a screen 
having round holes \ inch in diameter, but fell through a screen 
having round holes 1 inch in diameter. 

Column 8 gives the percentage of coal that went over a screen 
having round holes \ inch in diameter, but fell through ^inch roimd 
holes. 

Cdwran 9 gives the percentage of the coal that fell through round 
holes \ inch in diameter. 

Column 10 gives the average size of the coal or, as it was called, 
the average diameter. This average diameter as determined is of 
course only an approximation, but it furnishes a basis on which to 
compare the size of the coals. The method of determining the aver- 
age diameter can best be explained by the concrete example following. 
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DeUmdnatUm ofaveragt dmmtUr ofeotd. 


Diameter 

oClMleiia 

screen 


Weight of coal pass- 
ing tbrough each 
screen (pounds). 


Relatiye 
▼fOoAofMeli 

ftlxeln 
dftafmliiiiig 
the •yerace 
aim. (Tm 
product of 
liaeMid 
weight-col- 

oolumn 3.) 


Actual. 


Badooadto 

100-pound 

bwit. 


1 

1 
1* 


2 


t 


4 


20 
14 
IS 

12 
27 

4 
3 


20.4 
14.3 
18.4 
12.2 
V.6 
4.1 
3.0 


2.6 
3.6 
6.0 
6.1 
20.7 
4.1 
4. A 




08 


100 


48.5 





Average diameter* 




485 inch. 



Column 2 of the above table gives the weight of each size as 
obtained by actual weighing after sizing 98 pounds of coal. Column 
3 gives the weight of each size when reduced to a 100-pound basis^ 
or the percentage of each size in the sample. All the coal passing 
over 1-inch holes is assumed to be 1^ inches in diameter. In deter- 
mining the average diameter the percentage of each size has a rela- 
tive value proportional to the diameter which it represents; there- 
fore column 1 is multiplied by column 3. The products are given 
in column 4. The sum of column 4 divided by 100 gives the average 
size of the coal. As explained before, this determination of average 
diameter is only an approximation and has been devised solely for 
purposes of comparison. 

Column 11 gives the appearance of the coal. This item was re- 
corded by the man having charge of the fire, and its correctness 
depended on his judgment. The item expresses the appearance of 
coal only in a general way. 

Columns 12 and 13 give the state of weather on the day the test 
was made, and need no further explanation. 

Column 14 gives the plant number of the boiler on which the test 
was made. 

Column 15 gives the kind of grate or stoker with which the boiler 
was equipped. 

Column 16 gives the date on which the test was made. The figures 
indicate, in order, the month, the day of the month, and the year. 

Column 17 gives the duration of the test in hours. 

Column 18 gives the area in square feet of the grate of the boiler 
on which the test was made. 

Column 19 gives the kind of draft. When the draft was produced 
by the chimney alone the draft was said to be " ii«A)Mt«X," ^Vkevs.th.e 
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pressure fan was used in connection with the stack the draft was 
aaid to be "forced/' and when the exhaust fans were used the draft 
was said to be "induced." 

Column 20 gives the average barometer reading on the day the 
best was made. In St. Louis this observation was obtained from the 
Weather Bureau and no correction was made for the difference in 
elevation between the Weather Bureau station and the fuel-testing 
plant; which difference was only a few feet. At the Norfolk plant 
the barometer readings, reduced to sea level, were also obtained from 
the Weather Bureau. The plant was only a few feet above sea 
level, and therefore no corrections were necessary. 

Columm, 21 gives the steam pressure in pounds as read from the 
steam gauge. The values are arithmetic averages of all the readings 
of each test. 

Cohimn 22 gives the pressure of the gases in the hood below the 
stack. The figures are arithmetic averages of all the readings taken 
during each test. The pressure is given in inches of water below 
atmospheric pressure. 

Column 23 gives the pressure of the gases above the fuel bed. 
The values are arithmetic averages of all the readings taken during 
each test and are given in inches of water below atmospheric 
pressure. 

Column 24 gives the average air pressure in the ash pit. It was 
generally (atmospheric pressure), except when the pressure fan was 
used; then the reading given is in inches of water above atmospheric 
pressure. 

Column 25 gives the temperature of the outside air. The values 
are arithmetic averages of all the readings taken during each test. 

Column 26 gives the average temperature of the boiler room. 

Column 27 gives the average temperature of steam during the 
entire test. The values given in the table were obtained from a 
steam table and correspond to the average steam pressure given in 
column 21. 

Column 28 gives the average temperature of the feed water for each 
test, as measured in the weighing tank. 

GiAwmm, 29 gives the average temperature for each test of the feed 
water entering the boiler after leaving the injector. 

Column SO gives the average temperature of the flue gases, or the tem- 
perature of the gases as they leave the heating surfaces of the boiler. 

Column 31 gives the average temperature of the furnace. The 
values given are averages of the readings taken in the rear of the 
combustion chamber during each test. All readings were taken with 
an optical pyrometer. 

Column 32 gives the total weight of coal consumed during each 
test. This is the weight of coal as fired, not reduced to a dry basis. 
The figures given were obtained by actual weighing. 
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Column SS gives the total weight of diy coal consumed during each 
test, llie values are computed from tfaye weight of the coal as fired 
and the moisture in the coal. Column 33 <- column 32 X (100 -col- 
umn 39). 

Column S4 gives the total weight of refuse. This includes all tb 
cUnkers that were pulled out through the furnace doors and the 
free ash that fell into the ash pit during the entire test. The figures 
were obtained by actually weighing the refuse. The method of fig- 
uring the weight of ash and refuse from tests on the Jones underfeed 
stoker is given on pages 38 and 39, under caption ''Weight of ash 
and refuse." 

Column 36 gives the percentage of clinker in the total refuse. The 
clinkers were weighed and their weight was recorded separately. The 
percentages were obtained by dividing the weight of the clinkers by 
the weight of the total refuse as given in column 34 and multiplying 
the quotient by 100. The figure show the clinkering properties of the 
coals as far as the quantity of clinkers is concerned. It -should be 
kept in mind, however, that the trouble caused by clinkers is by so 
means proportional to their quantity. 

Column 36 gives the weight of the total combustible consumed 

during the test. The word consumed as used here includes only" the 

combustible that in any form ascends from the grate and does not 

include the combustible that falls into the ash pit or is pulled out 

of the furnace with the clinkers during the cleaning of fires. As 

already stated, the word combustible in this bulletin signifies coal free 

from ash and moisture. The figures in this column were obtained by 

subtracting the total weight of refuse from the total weight of diy 

coal fired. 

Column 36 = column 33 — column 34. 

This method of computing the weight of combustible is inaccurate 
inasmuch as a great deal of earthy matter in the coal is carried oyer 
the bridge wall and out through the stack by the current of gases, 
therefore the earthy matter in the coal as determined by actually 
weighing the refuse from each test is too low. Consequently all the 
items in which column 36 is used as a basis are to a certain varying 
extent incorrect. The figures in this column were computed merely 
for comparison with the more correct figures given in column 37. 

Column 37 gives the total weight of combustible consumed during 
each test. The values were computed from the chemical analyses of 
the coal and ash. 

Colunm 37 = colunm 32 X (100 - column 39 - column 42) - 

column 34 X column 50 . 
100 

This method of computing the total combustible consumed is more 
correct than that used in computing column. 36. 
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Column 38 gives the total refuse expressed as a percentage of total 
iry coal consumed during each test. 

Column 38=5^1^^5^X100. 

column 33 

Columns 39, 40, 41, and ^2 give the proximate analyses of the coal 
as fired. The analyses were made by the chemical division. 

The values in colunm 39 are somewhat uncertain, inasmuch as the 
small sample of coal used in the chemical determination loses part of 
its moisture while being prepared from the larger boiler-room sample. 
On a warm, dry, windy day this loss of moisture is greater than on a 
cold, damp, and quiet day. In general, it may be said that the moist- 
ure as given in colunm 39 is lower than that in the coal as it was fired. 

Values in colunms 40 and 41 are based on arbitrary methods of 
driving oflf the so-called volatile matter and weighing the residue to 
determine the fixed carbon and ash. By varying the standard of 
conditions under which the distillation is effected very different 
Jesuits can be obtained. Thus it can be seen that care should be 
exercised in deducing results of practical trials from the purely arbi- 
trary results obtained from proximate analyses of dry or moist coal. 
Coal molecules are probably complex and, although Uttle is known on 
the subject, it is certain that the products and even the quantities of the 
products of destructive distillation vary considerably with the method 
followed, depending on the temperature and rapidity of heating. 

Column 4s gives the percentage of sulphur in the coal as fired. This 
item is separately determined and does not make 100 when added to 
the fourxpreceding columns, where it is contained mostly, although 
not entirely, in column 42. 

Columns 44y 4^y 4^ J 47, 4^, and 49 give the ultimate analysis of the 
coal reduced to a dry basis. All these items were determined by 
the chemical division of the fuel-testing plant. 

Columns 50 and 51 give the analysis of the refuse. Column 50 
gives the percentage of combustible contained in the refuse. Column 
51 pves the percentage of real ash or unbumable matter in the refuse. 

Column 52 gives the average weight of dry coal consumed per hour. 

^ 1 ^^ colunm 33 

Column 52 = — i -^ 

column 17 

Columns 53 and 54 give the average weight of the combustible 
consumed per hour. 

Column 53 = ^°^"™" 36 



Column 54 = 



column 17 
column 37 



column 17 

The values given in coliunn 54 are more accurate than those given 
^ colmnn 53. (See explanation of columns 36 and 37 and 8ia<i 
p. 41 xmder caption ^^ Error in weight of refuse."") 
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Column 66 gives the average weight of drjr ooal fired per square 
foot of grate area per hour. 

Column 55 column 52 

area of grate in square feet 

Columns 66 and 67 give the average weight of combustible consumed 
per square foot of heating surface per hour. 

Column 56 = — - column 53 

total water-heating surface of boiler in square feet 

pi f^m column 54 

total water-heating surface of boiler in square feet 

The values given in column 57 are more accurate than those given 
in column 56. 

Columns 68, 69, 60, and 61 give the heat value of the coal burned 
on each test. These items were determined by the chemical diyision. 

Column 68 gives the heat value of 1 pound of dry coal determined 
by actually burning 1 gram of the air-dried coal in oxygen in a 
Mahler-bomb calorimeter. 

Column 69 gives the heat value of 1 pound of combustible figufed 
from the values in coltmms 58 and 49. 

Column 59 - column 58 

100 -column 49 

Colwm/n 60 gives the heat value of 1 pound of dry coal as figured 
from the ultimate analysis by Dulong's formula. 

1 At' t column 46 \ 

1 A A column 45 — 1 5 I 

Column 60 = ^^*^?JLi4x 14,544 + A^ § ' 

X 62,028 -f ^^^J^- X 4,050 

In the above equation 14,544 is the heat value in B. t. u. of 1 
poimd of carbon; 62,028 the heat value in B. t. u. of 1 pound of 
hydrogen, and 4,050 the heat value in B. t. u. of 1 potmd of sulphur* 

Column 61 gives the heat value of 1 pound of combustible calcU' 
lated from the ultimate analysis by Dulong's formula. 

Column 61 = --^li^^5.«V 

100-colunm49 

Column 62 gives the percentage of moisture in steam. The valued 
were obtained directly from steam-calorimeter determinations. 

Column 63 gives the quality of the steam, taking dry saturateil 
steam as unity. In the values given in this column corrections wer^ 
made for the heat contained in the moisture. 

Column 63 = 1 _ coluP^^^ ^2 heat in moistiure 

100 total heat m steam above feed-* 

water temperature 
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Column 64 gives the total weight of water fed to the boiler during 
each test. The values given in this column were obtained by direct 
weighing of the water, not corrected for moisture in steam. 

Column 65 gives the equivalent weight of water if evaporated at 
212° F. from feed temperature at 212° F., not corrected for moisture 
in the steam. 

Colimin 65 = column 64 X column 67 

Column 66 gives the total weight of water actually evaporated, 
corrected for the moisture in the steam. 

Column 66 = colunm 64 X column 63 

Column 67 gives the factor of evaporation. 

total heat of saturated steam at pressure given in 
column 21— heat in water at temperature shown in 

Column 67 ^^m2^ 

965.7 

Column 68 gives the weight of equivalent water evaporated into 
dry steam at 212° F. from feed water at 212° F. 

Column 68 = coliunn 66 X column 67. 

Column 69 gives the weight of water actually evaporated per hour 
corrected for quality of steam. 

n 1 ack column 66 
Colimm 69 = — ^j —„ 

column 17 

Column 70 gives the equivalent evaporation per hour. 

r\ ^ ^ nn column 68 
Column 70 = — T ^- 

column 17 

Column 71 gives the average equivalent evaporation per square 
foot of water-heating surface per hour. 

Column 71 = '^^l"^" ^^ 



total heating surface of boiler 

Column 72 gives the average boiler horsepower developed during 
each test. One boiler horsepower has been taken to be equal to the 
evaporation of 34.6 pounds of water per hour from and at 212° F. 

Column 72-52^^5^ 

Column 7S gives the horsepower of the boiler as rated by the 
builder. This item is the same for all the tests* 
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CiAumn 74 gives the capacity of the boiler developed on each test, 
the capacity being expressed as a percentage of the horsepower of 
the boiler, as rated by the builder. 

column 72 



C!olumn 74 



210 



Column 75 gives the weight of water in pounds evaporated per 
pound of coal as fired under actual conditions. The weight of water 
was not corrected for quality of steam. 

Column 75 -'^{""^^ 

column 32 

Column 76 gives the equivalent evaporation per pound of coal sb 
fired. The weight of water evaporated was corrected for moisture in 
steam. 

Column 76 -1^2JHEE|8 

column 32 

Column 77 gives the equivalent evaporation per pound of dry coal 
The weight of water was corrected for moisture in st^am. 

Column 77 -55}H554| 

colunm 33 

Columns 78 and 79 give the equivalent evaporation per pound of 

combustible calculated by two methods. The weight of water was co^ 

rected for moisture in steam. The values given in column 79 are the 

more accurate. 

column 68 



Colirnm 78 



Colimin 79 = 



column 36 

column 68 
column 37 



Columns 80 and 81 give the efficiency of boiler and furnace. This 
efficiency is the ratio of the heat absorbed by the boiler to the heat of 
the combustible consumed. The combustible consumed is the com- 
bustible ascending from the grate and is equal to the total combustible 
fired upon the grate minus the combustible falling into the ash pit or 
pulled out of the furnace door with the clinkers when cleaning fire. 
As explained in connection with columns 36 and 37, two methods 
were used in computing this combustible consumed. The fimiace 
and boiler efficiencies have been computed for the combustible 
obtained by both methods of computation. The values given in 
colunm 81 are more accurate than those given in colunm 80. 

^ , ^^ column 68 X 965.7 

Column 80 - column 36 X column 59 

_ , ^, column 68 X 965.7 

Column 81 « colunm 37"x^5m5F59 
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The efficiencj given in columns SO and 81 is the same as item 72 
. the American Society of Mechanical Engineers' code for testing 
>ilers, in which it is defined as the quotient of the heat absorbed by 
le boiler per pound of combustible consumed divided by the heat 
I 1 pound of combustible. 

Column 82 gives the over-all efficiency of the steam-generating 
pparatus. It is the ratio of the heat absorbed by the boiler to the 
eat of the coal fired upon the grate. This item includes the efficiency 
E the grate, the furnace, and the boiler; it is the same as item 73 of 
le American Society of Mechanical Engineers' code for conducting 
oiler trials, in which it is defined as the quotient of the heat absorbed 
er pound of dry coal fired divided by the heat value of 1 pound of 
ry coal. 

^ , „„ column 68 X 965.7 

Column 82 - eolumn 33 X column 58 

Column 83 gives the density of smoke in percentages, Ringelmann's 
hart No. 5 being taken as 100 per cent and chart No. as per cent. 
lach chart represents a 20 per cent increase. If the average smoke 
eading corresponded to chart No. 2 the 
lensity of smoke was called 40 per cent; if 
he reading corresponded to chart No. 3§ 
he smoke was called 70 per cent black. 

Odumn 84 gives the method of firing 
ised on each test. 

The spreading method of firing is one in 
vhich the chaise of coal is spread evenly 
Jver the entire grate area. 

The alternate method of firing is one in nooMie.— Method of uring ares- 
*liich the fresh coal is spread alternately 

Jn one-half of the grate area. The alternate firing used on most 
3f the tests was done as shown in figure 16. The furnace had three 
firing doors. On one firing the parts of the grate marked 1 in the 
figure were covered with fresh fuel; on the next firing the parts 
mwked 2 were covered, so that only one-half of the grate was dis- 
tilling gases at a time, and these gases were intermingled with three 
streams of hot air coming through the uncovered portions of the 
bcandescent fuel bed. 

Column 86 gives the average thickness of the fuel bed during each 
test. The values given in this column are only approximate, as they 
sre merely the estimates of the man in charge of the fire. 

Column 86 gives the approximate average intervals between firings. 
The values given in this table were obtained by dividing the duration 
of the test by the number of firings; consequently these intervals are 
somewhat too long, inasmuch as during the cleanings of the fire no 
coal was fired. 

99233'— Ball. 23—12 5 



56 STEAMING TESTS OF COALS. 

Column 87 gives the approximate average intervals between the 
leveling or breaking of the fire with a rake or a slice bar. The values 
given in this column were obtained by dividing the duration of the 
test by the number of rakings and breakings. The raking and break- 
ing of the fire was recorded by the man in charge of the fire. 

Columns 88 , 89, 90, and 91 give the average analyses of flue gases. 
The samples were always collected by one of the special flue-gas 
samplers described on page 29 under caption "Flue-gas samplers." 
These samples were collected during a period of either one hour or 
half an hour. Analyses were made with an Orsat apparatus. 

Column 92 gives the weight of the dry gases resulting from burning 
1 pound of combustible. The values given in the table were com- 
puted from the flue-gas analyses by the following formula : 

Weight of gas per pound of combustible = 

[11 X COj + S X Og-f 7(C0 -f N,)] X pe r cent carbon in combustible 

"3(CO/-fC6)Xl00 

Or since COj-hOj + CO-f-Nj =100 always. 

Weight of gas per pound of combustible = 

(4x CO2 + Oj 4- 700) X per cent carbon i n combustible 

3(CO, + CO)xTbo 

column 44 



Per cent carbon in combustible = 



100 -column 49 



Column 93 gives the heat value of 1 pound of combustible. This 
is the same item as given in column 59. 

Columns 94j 95, 96, 97, 98, and 99 give the heat balance or the 
distribution of the heat of each pound of combustible consumed du^ 
ing each test. 

Column 94 gives the quantity of heat (B. t. u.) absorbed by the 
boiler per pound of combustible consumed. 

Column 94 = ^^^"^7 68X965.7 

column 37 

Column 95 gives the quantity of heat (B. t. u.) carried away by 
moisture in the coal per pound of combustible consumed. 

Column 95 = M X [(212 - column 26) + 965.7 + (column 30 - 212) X 0.48] 
where M is the weight of moisture in pounds accompanying ^ 
pound of combustible. 

^ column 39 

column 40 + column 41 
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i^mn 96 gives the quantity of heat (B. t. u.) carried away in 
oistnre formed by burning the hydrogen of the coal per pound 
nbustible consumed. 

in 96 = 9 H [(212 -column 26) -}- 965.7 + (column 30-212)x 
^], where H is weight of hydrogen in pounds in 1 pound of 
ibustible. 

oolunm 45 



H= 



100 -column 49 



UTnn 97 gives the quantity of heat (B. t. u.) carried away in 
ry gaseous products of combustion per poimd of combustible 
med. 

Column 97 = colunm 92 X 0.24 x (colunm 30 -column 26). 

umn 98 gives the quantity of heat (B. t. u.) lost in CO per 
I of combustible consumed 

_ CO per cent carbon in combustible X 10,150 

^^^""CO^+CO^ 100 

Per cent carbon in combustible = 



1 00 - colunm 49 



umn 99 gives the quantity of heat (B. t. u.) lost in radiation 
bher unaccounted-for losses per pound of combustible consumed. 

Column 99 = column 93- (colunms 94, 95, 96, 97, and 98) 

this column is obtained by difference, it contains all the errors 
in the boiler room and the chemical laboratory. The values 
in this column are accurate only within 3 to 5 per cent. 
umns 100, 101, 102, 103 ^ 104, <^^ ^06 give all the items of the 
balance expressed as percentages of the heat of 1 pound of 
astible. 

column 94 



Column 100 = 

Column 101 = 
Colunm 102 = 

Column 103 = 

Column 104 = 



column 93 

column 95 
column 93 
column 96 
column 93 

column 97 
column 93 

column 98 
column 93 



Column 105=5^HE5_9| 

column 93 
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NOTES OlSf IHDlVUDtrAL TB8TS. 

In these notes the tests are arranged in the order of the States from 
which the coals came, and under each State in the order of th6 coal 
number, as given by the Survey's collectors. 

The word ''freely/' when it r^ers to the burning of the coal) 
means that the pieces of coal burned separately without fusing or 
caking together. The two phrases ''coal burned freely'' and "coal 
caked" are used to denote conditions exactly opposite. When the 
coal ignited easily and burned quickly the notes state that "coal 
burned quickly." 

The length and color of the flame was estimated by tiie man m 
charge of the fire. To express the length of the flame in definite 
terms was difficult, and consequently five expressions having reift' 
tive value were agreed upon and used. These expressions weroi 
Very short, short, medium, long, and very long. In makiiiig AOy 
comparison of the different coals on the basis of the length of flame 
it should be borne in mind that the length of the flame depends not 
only on the nature of the coal but also on the rate of combustioii 
and on the air supply. With the same coal the higher the rate of 
combustion the longer the flame. It may be said het^ that in tia 
same furnace the length of the flame depends on the amount of 
volatile combustible matter distilled from the coal in a unit time, 
and on the chemical composition of this volatile combustible matter. 

The term '^flako sulphur" refers to flakes of calcium sulphate or 
gypsum. 

The expression " furnace door cracked " means that the fumaed doors 
were left slightly open after each firing to admit additional air abovo 
the fuel bed so as to reduce the smoke. The expression "automatie 
air admission operated" refers to the use of the automatic device for 
admitting air, described on page 20. 

These notes also contain statements as to the unreliability of iom6 
observations. 

The value of coal as a fuel for making steam depends to a great 
extent on the character of its ash and the behavior of the latter in 
the furnace. Of two coals otherwise alike the one forming clinkerfl 
on the grate is in general of less value than the coal that leaves a 
free ash. Again, of two coals forming clinkers, the one whose dink^ 
fuses to the grate and is removed with difficulty is of less value than 
the coal whose clinker does not adhere to the grate. For this reason 
it is stated in these notes whether the coal formed clinker and whether 
the clinker was easily removed. The color and the general appear- 
ance of the clinker were also noted in the beUef that such records migbt 
help in the deduction of some useful conclusions. 
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When trouble from dinker was expected steam was introduced 
inder the grate. Undoubtedly in a large number of cases the steam 
prevented the clinker from adhering to the grate. Whenever the 
iteam waa used under the grate the notes so state. This use of 
iteam should recdre proper consideration when studying the clinker- 
ing qualities of coals. The quantity of steam thus used was neyer 
measured and the heat carried away by superheating tliis steam to 
Bue^as temperature was never sepMtitely accounted for. This loss 
is therefore contained in the last item of the heat balance. 



Test No, 382; No. 2B. — ^The coal contained large quantities of free 
slate and considerable dirt, and burned freely. Automatic air admis- 
sion was not operated. A heavy clinker of reddish-brown color was 
formed on the grate; it was easUy broken up and removed. 

Test No, 383; No. 2B. — Automatic air admission was operated. A 
small amount of reddish brown clinker formed on the grate; it was 
easily removed. 

Test No. 410; No. 2B Qarge and small briquets). — The briquets held 
together well in the fire and burned with a long flame; the large 
briquets were broken in halves. Automatic air admission was not 
operated. The fire was easily handled. The flue-gas temperature 
is questionable. 

Test No. 390; No. 5. — ^Thin layers of very briglit coal alternated with 
a dull gray substance. The layers were often irregular, sometimes 
forming curves much like the grain in a knot of wood. The fracture 
was veiy irregular, forming rough surfaces. Free slate occurred in 
large quantities. The coal burned freely with a long flame. Auto- 
matic air admission was not operated. The fire doors were partly 
open for short intervals a(ter each firing. A thick layer of light 
porous clinker of light-brown color formed on the grate; it was easily 
broken and removed. The flue-gas samples are questionable. 

Test No. 394; ^o. 3, — ^Layers of black coal alternated with layers of 
a dull substance. The fracture was irregular, forming rough surfaces. 
Slate was contained in large quantity in thin and thick layers well 
distributed. 

The coal burned slowly with medium length of flame and caked. 
Automatic air admission was not operated. A thick layer of porous 
clinker of light-brown color was formed on the grate; it was easily 
lemoved. The rated capacity of boiler was difficult to get. 

Test No. 376; No. 4- — ^A considerable quantity of lump slate was 
present in the coal. Flake sulphur occurred in small quantities. The 
coal was friable and could be crumbled in the hands; it burned with 
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a long flame. Steam was used in the ash pit. Automatic air admis- 
sion was not operated. The furnace doors were cracked after each 
firing. A thick layer of reddish-brown tolid clinker formed on the 
grate; it was broken up with difficulty and removed in large pieces. 

Test No. 376; No. 4- — One-half of the observations of furnace 
temperature were too low to be read wiih, the Wanner optical pyro- 
meter; moisture in the steam was estimated. The coal burned mih. 
a long flame; it caked and required frequent working. Steam >ltts 
used in the ash pit. Automatic air admission was not operated. 
The furnace doors were cracked for a short interval after each firing. 
A light solid clinker of reddish-brown color formed on the grate and 
was broken up with difficulty. 

Test No. 377; No. 4- — ^The coal burned with a short flame and caked; 
the fuel bed required considerable attention. Automatic air admis- 
sion was not operated. A light plastic clinker formed on the grate; 
it was easily removed. The moisture in the steam was estimated. 

Test No. 378; No. 4- — The furnace temperature was too low to be 
read by the Wanner optical pyrometer. The coal burned rapidly 
with a long yellow flame and caked; the fuel bed required consider- 
able attention. Automatic air admission was operated. A light 
porous clinker of brownish color formed on the grate; it was ea^y 
removed. 

Test No. 4^3; No. 4 (hrge and small hriqtLets). — ^Moisture in the 
steam was estimated. The briquets held together well in the fire 
and burned rapidly with a long bright flame; the large briquets were 
broken in halves before firing. Automatic air admission was not 
operated. A dark, heavy, plastic clinker formed over the grate; it 
adhered tightly to the side walls and was removed with some difficulty. 

Test No. 478; No. 5. — Coal burned slowly with a short flame, and 
caked. The fuel bed required considerable attention. Automatic 
air admission was not operated. A porous brittle clinker of dark- 
grayish color formed on the grate; it was easily removed. 

Test No. 480; No. 5. — The coal burned slowly with a short flame, 
and the fuel bed required considerable attention. Automatic air 
admission was not operated. A large amount of brittle porous 
clinker of dark gray color formed on the grate; it was easily removed. 
The ash pit was under pressure. 

Test No. 484; No. 6. — The coal was partly in layers and partly of 
crystalline formation; it contained large quantities of slate. The 
coal burned with a long flame; the volatile matter distilled off quickly. 
Automatic air admission was not operated. The furnace doors were 
cracked after each firing. Loose brittle clinker formed on the grate; 
it was easily removed. 
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ABKAN8A8. 

Test No. 293; No. 7 A. — ^Tho coal burned slowly with a slow flame 
mid caked. Steam was used in the ash pit. Automatic air admis- 
oon was not operated. The fuel bed required considerable attention. 
Seavy clinker formed on the grate; it was easily removed. 
1 Test No. 294; No. 7 A. — ^The coal burned slowly with a short flame 
and caked. Automatic air . admission was not operated. A thin 
layer of heavy; solid clinker formed on the grate; it was removed 
with difficulty. The ash pit was under pressure. 

Test No. 297; No. 8. — ^The coal contained large quantities of very 
hard slate; it burned slowly and freely with a short flame. A very 
hard; solid, nonporous clinker formed on the grate; it was easily 
removed. Automatic air admission was not operated. 

Test No. 308; No. 8 (washed). — ^The coal crumbled in the fire and 
burned slowly with a short flame. Steam was used in the ash pit. 
Automatic air admission was not operated. A thin layer of very 
heavy and solid clinker formed on the grate; it was easily removed. 

Test. No. 309; No. 8 (vxished). — ^Automatic air admission was not 
operated. A thin layer of very heavy clinker formed on the grate, 
impeding the air supply; it was easily removed. Flaming in the 
stack was noted at intervals. 

Test No. 340; No. 10. — ^The coal burned with a short flame. Auto- 
matic air admission was not operated. Free ash, light in weight, 
formed on the grate. In this test an effort was made to obtain high 
capacity. 

FLORIDA. 

Test No. 386; No. 1 {compressed peat). — ^The peat burned freely and 
quickly with a very long flame. The briquets did not crumble in 
fire. Automatic air admission was operated. The fire was easily 
handled. A small amount of heavy clinker of brownish color formed 
on the grate; it was easily removed. High capacity was developed. 
The moisture in the steam was estimated. 

GEOBGIA. 

Test No. 481; No. 1. — The coal burned freely and rapidly with a 
long flame. Automatic air admission was not operated. A large 
amount of loose clinker formed on the grate; it was quickly removed. 

ILLINOIS. 

Test No. 106; No. 6B (washed). — ^The coal burned quickly with a 
long flame and caked. The fuel bed required much attention. 
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Heavy clinker of dark-brown color formed on the grate, but was 
easily removed. Molten refuse dropped into the ash pit. Steam 
was used in the ash pit. The conditions of the test were unfavorable; 
a better evaporation should have been obtained. Automatic air 
admission was not operated. 

Test No. 813; No. 6B {hriqyLds). — ^The briquets held their shape 
well in the fire and bume<l with a long flame; they were broken in 
half before firing. A very light and porous clinker formed on the 
grate; it was easily removed. Automatic air admission was operated. 
The test was too short for reUable results. 

Test No. 314; ^^o. 6B (JbriqruU). — ^The briquets burned with along 
flame; they were broken in halves before firing. A hard, solid 
clinker formed in a thick layer over the grate; it was easily removed. 
Automatic air admission was not operated. The test was too short 
for reliable results. 

Test No. 122; No. 7(1 — The coal burned slowly with a short white 
flame and caked badly. The fuel bed required much attention. A 
heavy clinker of dark-brown color formed on the grate; it was easily 
removed. Steam was used in the ash pit. Automatic air admission 
was not operated. 

Test No. 129; No. 7C (tixwAoi).— The coal burned slowly and 
caked. Heavy clinker of dark-gray color and free ash formed on the 
grate. The fires were easily cleaned. The furnace doors were 
cracked for one minute after each firing. Automatic air admission 
was not operated. 

Test No. 142; No. 7D. — The coal burned rapidly with a yellow 
flame and caked. Automatic air admission was operated. Clinker 
formed in a heavy mass over the entire grate; it was easily removed. 
The free ash was gray in color. 

Test No. 143; No. 7D. — ^The coal burned rapidly with a yeUow 
flame and caked. The clinker was of a dark-red color, heavy and 
bUstery in appearance; it was easily removed from the grate on 
which it formed in a compact bed. Automatic air admission was 
operated. 

Test No. 146; No. 7D. — The coal burned slowly. Very heavy 
clinker of dark-brown color formed in a layer over the grate. Auto- 
matic air admission was operated. 

Test No. 616; No. 7E. — ^The coal burned with a short flame. 
Automatic air admission was not operated. A large amount of 
clinker formed on the grate; it was easily removed. The ash pit 
was under pressure. 

Test No. 101; No. 8. — ^The fuel bed required much attention. 
Clinker matted on the grate. The conditions of the test were 
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aofayorftbla; a bettw eyaporaUon should have been obtained. Auto- 
matic air admission was not operated. 

TeH Nq* 102; No. ^.— The coal burned freely with a long flame; 
tbe fuel bed required nmch attention. Dark and heavy clinker 
fofined on the grate; it wae easily removed. Steam was used in the 
leb pit. Tlie conditions of the test were unfavorable; a better 
evaporation should have been obtained. Automatic air admission 
was not operated. 

Test No. 103; No. 9A. — ^The coal burned very freely with a long 
flame* The clinker was easily removed from the grate. Steam was 
\md in the ash pit. Tlie conditions of the test were unfavorable; a 
better evaporation should have been obtained. Automatic air 
idnussion was not operated, 

Tert No. 104; No, 9A. — ^The coal burned very freely with a long 
lame. The fire required much attention. A dark and heavy 
linker formed on the grate; it was easily removed. Steam was 
laed in the ash pit. The conditions of the test were unfavorable; 
b better evaporation should have been obtained. Automatic air 
kdmissipn was not operated. 

Test No. 105; No. 9A- — ^The coal burned freely with a long flame. 
])ark and heavy clinker formed on the grate; it was easily removed. 
ifoHen refuse dropped into the ash pit. Steam was used in the ash 
;Htr The conditions of the test were unfavorable; a better evapora- 
tion should have been obtained. Automatic air admission was not 
Dperated. 

TeH No, US, No. 9 A (wa$hed). — ^The coal burned rapidly with a 
Long flame and caked; the fuel bed required much attention. A 
heavy dinker of brown color formed on the grate; it was easily 
removed* Steam was used in the ash pit. The conditions of the 
test were unfavorable; a better evaporation should have been ob- 
tained. Automatic air admission was not operated. 

Test No. 121; No. 55.— The coal burned very rapidly and caked; 
the fuel bed required much attention. Molten refuse dropped into 
the ash-pit. Soft heavy clinker of dark color formed over the grate; 
it was easily removed. Automatic air admission was not operated. 

Test No. 492; No. 90 (briqiiets). — ^Automatic air admission was not 
opiated. The fuel bed required considerable attention. A large 
amount of dinker formed on the grate; it was easily removed. The 
aab pit was kept under pressure. 

Test No. 107; No. 10. — ^The coal biurned rapidly and caked; the 
fuel b^ required much attention. The clinker was heavy and of 
brown color, but was easily removed from the grate. A little steam 
w«9 us^ in th^ ash pit. Th^ conditions of the test were unfavorable ; 
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a better evaporation should have been obtained. Automatic air 
admission was not operated. 

Test No. 108; No. 10. — ^The coal burned rapidly and caked; the 
fuel bed required much attention. The clinker was heavy and of 
brown color, but was easily removed from the grate. Steam was 
used in the ash pit. There was not much smoke in the forenoon bat 
there was considerable in the afternoon. The conditions of the test 
were unfavorable; a better evaporation should have been obtained. 
Automatic air admission was not operated. 

Test No. 109; No. 10. — ^The coal burned rapidly and caked; the 
fuel bed required much attention. The clinker was brown and 
heavy, but was easily removed from the grate. Steam was used in 
the ash pit. The conditions of the test were unfavorable; a better ] 
evaporation should have been obtained. Automatic air admission 
was not operated. 

Teat No. 110; No. 10. — ^The coal burned very rapidly and caked; ^ 
the fuel bed required much attention. A dark-brown clinker fused 
to the grate. Steam was used in the ash pit. The conditions of the 
test were imfavorable; a better evaporation should have been ob- 
tained. Automatic air admission was not operated. 

Test No. 114; ^o. 10 (vxished). — ^The coal burned rapidly and 
caked; the fuel bed required much attention. The furnace was 
much hotter at the end of the test than at the start. The clinker 
was dark and heavy; it was easily removed from the grate. Steam 
was used in the ash pit. The conditions of the test were imfavorable; 
a better evaporation should have been obtained. Automatic air 
admission was not operated. 

Test No. 137; No. 11 A. — A layer of clinker formed on the grate; 
it was easily removed. Automatic air admission was operated. 

Test No. 1S8; No. 11 A. — ^The coal burned slowly. Heavy clinker 
of brown color formed on the grate; it was easily removed. Auto- 
matic air admission was operated. 

Test No. 139; No. 11 A. — ^A layer of clinker formed on the grate; 
it was removed easily. Automatic air admission was operated. 

Test No. I4I; No. IIA. — ^The coal burned slowly. Heavy clinker 
of dark brown color formed on the grate; it was easily removed. The 
free ash was gray in color. Automatic air admission was operated. 

Test No. Ill; No. UB. — ^The coal burned rapidly and caked; the 
fuel bed required much attention. Heavy clinker of brown color 
adhered to the grate. Molten refuse dropped into the ash pit. The 
conditions of the test were unfavorable; a better evaporation should 
have been obtained. Automatic air admission was not operated. 

Test No. 112; No. IIB. — ^The coal burned rapidly and caked; the 
fuel bed required much attention. Heavy clinker of brown color 
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■uUiered to the grate and was difficult to remove. Steam was used 
n the ash pit. The conditions of the test were unfavorable; a better 
evaporation should have been obtained. Automatic air admission 
^as not operated. 

Test No, 115; No, IIB. — The coal burned rapidly and caked; the 
iiel bed required much attention. Heavy clinker of brown color 
:onned on the grate; it was easily removed. Steam was used in the 
ish pit. The conditions of the test were unfavorable; a better 
3vaporation should have been obtained. Automatic air admission 
BV^as not operated. 

Test No. 116; No. IIB. — ^The coal burned rapidly and caked; the 
fuel bed required much attention. Heavy clinker of brown color 
formed on the grate; it was easily removed. Steam was used in the 
ash pit. The conditions of the test were unfavorable; a better 
evaporation should have been obtained. Automatic air admission 
was not operated. 

Test No. 117; No. IIB. — ^The coal burned rapidly and caked; the 
fuel bed required much attention. Heavy clinker of brown color 
formed on the grate; it was easily removed. Molten refuse dropped 
into the ash pit. The conditions of the test were unfavorable; a 
better evaporation should have been obtained. Steam was used in 
the ash pit. Automatic air admission was not operated. 

Test No. 118; No. IIB. — ^The coal burned rapidly and caked; the 
fuel bed required much attention. Heavy clinker of brown color 
formed on the grate; it was easily removed. Steam was used in the 
ash pit. The conditions of the test were unfavorable; a better 
evaporation should have been obtained. Automatic air admission 
was not operated. 

Test No. 119; No. IIB. — ^The coal burned rapidly and caked. 
Molten refuse dropped into the ash pit. Heavy clinker of dark- 
brown color formed on the grate; it was easily removed. Steam was 
used in the ash pit. The conditions of the test were unfavorable; a 
better evaporation should have obtained. Automatic air admission 
Was not operated. 

Test 120; No. 11 C. — The coal burned rapidly and caked; the fuel 
bed required much attention. A thin layer of tough heavy clinker 
of dark color formed over the entire grate; it was easily removed. 
The conditions of the test were unfavorable; a better evaporation 
should have been obtained. Automatic air admission was not 
operated. The coal was washed at the mine. 

Test No. 312; No. 110 (briquets). — The briquets were broken in 
halves before firing and burned freely; the volatile matter distilled 
slowly. Automatic air admission was operated one minute after 

99133°— Bull. 23—12 11 



152 STEAMING TESTS OF COALS. 

firing. A light porous clinker formed on the grate; it was easily 
removed. The test was too short for rriiable results. The coal was 
washed at the mine. 

Test No. 127; No. 12. — The coal burned very rapidly and caked 
somewhat. The clinker was brown in cxAor and heavy. Large 
pieces of free ash light in color formed cm the grate. The fire doon 
were cracked for one minute after each firing. Automatic air admis- 
sion was not operated. 

Test No 128; No. 12.— Tlie fire was easily cleaned. The fuel bed 
required little attention. During the entire test the stack damper 
was closed during firings. Automatic air admissicm was not operated. 

Test No. ISl; No. 12. — ^The coal burned slowly with a yellow flame. 
The clinker was brown and heavy; it was easily removed from the 
grate. The free ash was light gray in color. Automatic air admissioii 
was not operated. 

Test No. 1S3; No. 12. — ^The clinker was easily removed from the 
grate. Automatic air admission was not operated. 

Test No. 185; No. 12 (vxished).—The coal burned freety. Clinker 
formed in a thin layer on the grate, but was easily removed. The 
test was nm for maximum capacity. Automatic air admission was 
operated. 

Test No. 136; No. 12. — ^The coal burned slowly with a short yellow 
flame. Molten refuse dropped into the ash pit. Clinker formed on 
the grate, but was easily removed. Automatic air admission was 
operated. 

Test No. 468; No. 12B {briquets). — The briquets burned slowly 
with a sliort flame. Steam was used in the ash pit. A thin brown 
clinker formed on the grate; it was easily removed. Forced draft 
was used one-half hour before cleaning. 

Test No. 182; No. 18.— The coal burned freely. Molten refuse 
dropped into the ash pit. Heavy clinker of brown color formed in a 
thin layer over the grate, but was easily removed. The ash was Ught 
in weight and color. The fire doors were cracked for one minute after 
each firing. Automatic air admission was not operated. 

Test No. 184; No. 18. — The chnker was easily removed from the 
grate. Automatic air admission was not operated. 

TeM No. 144; ^<>- i^ (wdshed). — ^The coal burned freely and the 
fire was easily handled. Large pieces of free ash light in color formed 
on the grate. The cUnker was porous and light in weight. Automatic 
air admission was operated. 

Test No. 145; No. 18 (wdsTied). — ^The coal burned freely. A little 
porous clinker, Ught in color, and free ash formed on the grate. 
Automatic air admission was operated. 
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Test No. 123; No. I4. — ^The coal burned freely. Molten refuse 
Iropped into the ash pit. Clinker of dark-graj color formed in a thin 
Etyer on the grate and was easily removed. Automatic air admission 
^as not operated. 

Test No. 126; No, 14- — The coal burned rapidly and caked. Mol- 
an refuse dropped into the ash pit. Heavy clinker of a brown color 
)rnied in a thin layer on the grate; it was easily removed. The 
ree ash was of a light-gray color. The fire doors were cracked after 
ach firing. Automatic air admission was not operated. 

Test No. ISO; No. I4 ( Washed).— The coal burned freely. The free 
sh was of a light color and light in weight. A thin layer of brown 
linker formed on the grate; it was easily removed. Steam was used 
1 the ash pit. The doors were cracked for one minute after each 
ring. Automatic air admission was not operated. 

Test No. 126; No. 16. — ^The coal burned rapidly and caked. Large 
ieces of free ash, light gray in color, formed on the grate. The fire 
79A easily cleaned. The clinker was brown and heavy. The fire 
loors were cracked for one minute after each firing. Automatic air 
.dmission was not operated. 

Test No. 162; No. 16 ( Washed). — Sulphur occurred in the coal in 
hin layers, and gypsum and calcite were present in thin transparent 
lakes. The coal bmrned rapidly and caked. The clinker was 
'emoved with difficulty. Automatic air admission was operated. 

Test No. 160; No. 16. — Gypsum and calcite occurred in the coal 
n thin opaque layers. Slate of a dark-gray color was present in 
imall quantities detached from the coal. The coal burned rapidly 
ind caked somewhat. A porous clinker, light in weight, and of a 
lark-gray color, formed on the grate; it was easily removed. Auto- 
matic air admission was operated. 

Test No. HO; No. 18. — ^The coal binned slowly. The cUnker fused 
to the grate and was removed with difficulty. Automatic air admis- 
sion was operated. 

Test No. 148; No. 18. — The coal contained sulphiur in thick, ramify- 
ing layers; gypsum and calcite occurred in thick opaque flakes; 
there was also a Uttle slate of a dark-gray color. The coal binned 
freety; cracked after firing and crumbled. Very lieavy clinker of 
dark-brown color formed a thin layer over the grate; it was easily 
removed. Automatic air admission was operated. Steam was used 
in the ash pit. 

Test No. 147; No. 18 {.washed). — ^The coal burned freely and cracked 
in the fire. Heavy clinker of brown color formed a thin soUd layer 
over the grate; it was removed with difficulty. Automatic air 
lidmission was operated. 
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Test No. 149; No. 18 {washed) . — ^The coal burned freely and cracked 
after firing. Heavy clinker of a dark-bro¥ni color formed a thin layer 
over the grate; it was easily removed. Automatic air admission was 
operated. Steam was used in the ash pit. 

Test No. 160; No. 19A. — ^Heavy clinker of brown color formed a 
thin layer over the grate; it was easily removed. Automatic air 
admission was operated. 

Test No. 161; No. 19A. — ^The coal burned slowly The clinker was 
heavy and brown in color; it was easily removed from the grate. 
Automatic air admission was operated. 

Test No. 163; No. 19A. — ^The coal burned with a short flamC; and 
caked; the fuel bed required much attention. The clinker was lig^t 
and brittle; it was easily removed from the grate. Automatic air 
admission was operated. 

Test No. 170; No. 19 A. — ^The coal caked in the fire. A thin layer 
of light wliite clinker formed on the grate; it was easily removed. 
Automatic air admission was operated. 

Test No. 171; No. 19A.— The coal caked m the fire. The clinkff 
was light in weight and color; it was easily removed from the grate. 
Automatic air admission was operated. 

Test No. 176; No. 19B. — Gypsum and calcite occurred in the coal 
in opac^ue flakes. A small quantity of slate adhered to the coal. 
The coal burned freely with a long flame and cracked in the fire. 
Largo pieces of light, white, free asli formed on the grate; it was easily 
removed. Automatic air admission was operated. 

Test No. 204; ^o- ^'^i^- — Gypsum and calcite occurred in the coal 
in small quantities in opaque flakes. A small quantity of slate 
adhered to the coal, with an occasional free piece. The coal burned 
freely. A very light, porous clinker, light in color, and free ash 
formed on the grate. The fire was easily handled. Automatic air 
admission was operated. 

Test No. 205; No. 19B. — The coal burned freely. A light porous 
clinker, light in color, and free ash formed on the grate. The fire 
was easily handled. Automatic air admission was operated. 

Test No. 420; No. 190. — The coal contained a large quantity of 
free slate. Some slate adhered to the coal. Gypsum occurred in 
small opaque flakes. The coal burned quickly and freely with a 
medium length flame. Automatic air admission was operated. The 
lire doors were cracked after each firing. A thick porous clinker 
formed on the grate; it was easily broken and removed from the 
furnace. 

Test No. 423; No. 19C. — Automatic air admission was used in the 
forenoon. A light-brown clinker formed on the grate. 
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Test No. 4^4; No. 19D. — The coal contained a large amount of 

date, both free and attached, a little sulphur, and a large amount of 

gypsum. It burned freely and quickly, with a long, light flame. 

Automatic air admission was operated. The fire doors were cracked 

after each firing. The test was run for economy. A large quantity of . 

clinker of light-gray color formed on the grate ; it was easily removed. 

Test No. 426; No. 19D. — The coal burned freely and quickly with 

a long, bright flame. Automatic air admission was operated. The 

fire doors were cracked after each firing. A thick layer of brittle 

clinker formed on the grate; it hindered the rate of combustion, but 

was easily removed. 

Tesi No. 421; No. 19E. — The coal contained a considerable quan- 
tity of free slate; it burned quickly with a long flame, and caked. 
Automatic air admission was operated. The fire doors were cracked 
after each firing. A layer of tough clinker and free ash of light-gray 
color formed on the grate. 

Test No. 422; No. 19E. — The coal burned with a short flame. 
Automatic air admission was operated. Light-brown clinker formed 
on the grate; it was easily removed. The test was run for maximum 
capacity. 

Test No. 292; No. 20. — The coal contained a large quantity of free 
slate, and also a small quantity of sulphur in thin layers. It burned 
^th a long yellow, flame; the fuel bed required considerable atten- 
tion. A dark-gray clinker formed on the grate; it was easily re- 
moved. Automatic air admission was operated. 

Test No. SOI; No. 20 (wdsJied). — ^The coal burned freely. A thin 
layer of porous clinker formed over the grate; it was easily removed. 
Automatic air admission was not operated. 

Test No. S02; No. 20 (tm^Aed).— The coal burned freely. Auto- 
matic air admission was not operated. The fire was easily handled. 
Test No. SI 6; No. 21. — Some pieces of coal contained large quan- 
tities of sulphur; gypsum and calcite were rather prevalent. "Soap- 
stone" was present in large pieces; also slate in thick layers. The 
coal burned freely with a long flame. A thick porous clinker formed 
on the grate; it was easily removed. Automatic air admission was 
operated. 

Test No. S16; No. 21. — Free slate occurred in large quantities. 
Calcite and gypsum were present in small opaque flakes. The coal 
burned freely with a long flame, and cracked in the fire. Automatic 
air admission was operated. A layer of soUd clinker formed on the 
grate; it was easily removed. 

Te^t No. 318; No. 21 (briquets). — The briquets burned freely with 
a tendency to crumble ; they were broken in half before firing. Dark 
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heavy clinker formed on the grat«; it was easily removed. Autx)- 
matic air admission was not operated. 

Test No. S24; No, 22A. — ^Layers of black shiny coal alternated 
with layers of a dull-gray substance. The coal fnu^tured in planes 
parallel and at right angles to the layers and was of medium hardness. 
Sulphur in large balls occurred in large quantities, as thick layers 
and thin veins, distributed through the coal. Slate occurred in large 
quantities, adliering to the coal in both thick and thin layers. Large 
quantities of gypsum and calcite occurred in thin white flakes. The 
coal burned freely and quickly, with a long flame. A thick layer of 
porous, heavy, and plastic clinker formed on the grate; it was easily 
removed. The fire was easily handled. Automatic air admission 
was operated. 

Test No. S26; No. t2A.—Tinn layers of bright black coal alter- 
nated with tliin layers of a dull gray substance. The coal fractured 
in planes parallel and at right angles to the layers, and was of medium 
hardness. Sulphur occurred in large quantities in large balls, thick 
layers and thin veins well distributed through the coal. There was 
much slate in thick layers adhering to the coal. Gypsum and calcite 
occurred in large quantities in thin wliite flakes. The coal burned 
freely and quickly, with a long, yellow flame. Automatic air admis- 
sion was operated. A thick layer of heavy, porous clinker of dark- 
brown color formed on the grate; it was easily removed. Hie rated 
capacity of the boiler was rather difficult to obtain with this coal. 

Test No, 328; No. 22 A {washed) .—The coal burned freely with a long 
flame. Steam was used in the ash pit after cleaning the fire. Auto- 
matic air admission was operated. A very light and porous clinker 
formed over the grate; it was easily removed. This test was run for 
maximum capacity. 

Test No. 306; No, 23A,— The coal burned freely with a long flame. 
The clinker was soft and porous. Steam was used in the ash pit. 
Automatic air admission was operated. The fire was easily handled. 

Test No. 317; No. 23 A {washed). — Thin layers of slate and very 
thin layers of sulphur were found in pieces of the coal. Thin layers 
of black shiny coal alternated witli a dull brown substance. The 
coal was rather soft but not brittle ; it burned freely with a long flame. 
A layer of heavy, solid, plastic clinker formed on the grate, and was 
broken with diflSculty. Automatic air admission was operated. 

Test No. 321; No. 23B (ftri^uete).— The briquets burned freely and 
quickly with a long white flame, and did not crumble; they were 
broken in halves before firing. Automatic air admission was oper- 
ated. The furnace doors were cracked after each firing. The test 
was too short for reliable results. 
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Test No. 82g; No. tSB (Wjwto).— The briquets burned quickly 
with a long flame; they were iHx^en in halves before firing. The test 
was too short for reliable results. The furnace doors were cracked 
aftwr each firing. Automatic air admission was not operated. A 
thick layer of porous clinker formed on the grate; it was easily 
removed. 

Test No. 335; No. tJ^B. — Sulphur occurred in large balls and in 
thick layers adhering to the coal. Slate was present in small quan- 
tities in thin and thick layers easily separated from the coal. Gyp- 
sum and calcite occurred in small quantities in thin flakes. The coal 
fractured at right angles and in planes parallel to the layers, and was 
of medium hardness. Thin layers of black shiny coal alternated 
with layers of a dark gray substance. The coal burned freely and 
with a long flame. Automatic air admission was operated. Steam 
was used in the ash pit. A thick layer of solid, heavy clinker formed 
on the grate; it was easily removed. 

Test No. 336; No. 24B. — ^The coal burned quickly with a long, yel- 
low flame, and caked. Automatic air admission was operated. A 
layer of solid, heavy clinker, dark brown in color, formed on the 
grate; it was easily removed. 

Test No. 337; No. 24B. — ^The coal burned freely and quickly and 
with a long flame. Automatic air admission was operated. A thick 
layer of solid, heavy clinker, dark brown in color, formed on the 
grate; it was easily removed. The test was too short for reliable 
results. 

Test No. 338; Nos. 25 A and 25B. — ^A large quantity of sulphur was 
present in thick layers. Large pieces of free slate were somewhat 
prevalent. Gypsum and calcite were present to a considerable 
extent. The coal burned freely, with a long flame. Automatic air 
admission was operated. A light and porous clinker, dark brown 
in color, formed on the grate; it was easily removed. The test was 
run for maximum capacity. 

Test No. 339; Nos. 25 A and 2fiB.— The coal burned freely, with a 
long flame. Automatic air admission was operated. A very fragile 
but solid clinker formed on the grate; it was easily removed. 

Test No. 34i; No. 26. — ^A small quantity of sulphur was present in 
the coal, as balls and flakes; small quantities of slate, gypsum, and 
calcite were also present. The coal burned freely, with a long flame. 
The clinker was hard and heavy, impeding the air supply; it was 
removed with difficulty. Automatic air admission was not oper- 
ated. 

Test No. 342; No. 26. — ^The coal burned with a long flame. Heavy 
clinkers formed a compact layer on the grate. Steam was used in 
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the ash pit. Automatic air admission was not operated. It was 
necessary to wet the ash and refuse in the ash pit so as to prevent 
the cUnker from fusing on the grate. 

Teat No. S5S; No. 27. — Layers of a bright black substance alter- 
nated with layers of dull coal; it fractured at right angles and parallel 
to the layers, and was rather hard. Sulphur occurred as iron pyrites 
in flakes and balls. A small quantity of slate was present in thick 
layers. Gypsum and calcite were present in thin flakes. Some finely 
divided clay was present. The coal burned with a long flame. 
Steam was used in the ash pit. A thick layer of soUd, heavy clinker 
formed on the grate; it was easily broken and removed. Automatic 
air admission was not operated. 

Test No. 354; No. 27. — ^The coal burned freely. The clinker was 
heavy and of an iron-red color; it was a serious impediment to the 
air supply, but was easily removed from the furnace. Two vanes of 
the automatic air admission were operated continuously. 

Test No. 4^9; No. 28 A (wdsTied briquets). — ^The briquets burned 
with a short flame. A part of the large briquets were broken before 
firing. Automatic air admission was not operated. When the large 
briquets were burned, heavy chnker formed on the grate, impeding the 
air supply. The small briquets gave better results. The coal was 
washed at the mine. 

Test No. 4^7; No. 28B (briquets). — ^The large briquets were fired 
both whole and broken in halves; they burned quickly. The small 
briquets were badly broken up. A thick, sohd cUnker formed on the 
grate, but was easily removed. The grate was in poor condition, 
and the fire was sliced with difliculty. 

Test No. 44^; No. 28C. — The coal burned freely and rapidly. 
Automatic air admission was operated. A large amount of clinker 
formed on the grate; it was easily removed. 

Test No. 452; No. 28 C. — The coal burned freely, with a long flame. 
Two vanes of the automatic air admission were operated. The 
middle furnace door was cracked after each firing. Clinker and ash 
formed on the grate; they were easily removed. 

Test No. 4^5; No. 29 A {washed briquets). — The briquets burned 
with a medium length flame. Steam was used in the ash pit during 
the last half of the test. Automatic air admission was not operated. 
A thin, black, plastic clinker adhered to the side walls at the first 
cleaning; at the second cleaning the chnker was brittle and easily 
removed from the furnace, owing to use of steam in the ash pit. 

Test No. 4^0; No. 29B. — ^The coal contained a small amount of 
gypsum, iron pyrites, and slate; it burned quickly, with a medium 
length flame. Automatic air admission was operated. A gray clinker 
formed on the grate; it was easily removed. 



DESCBIPTION AND COMPLETE PINAL DATA OF TESTS. 159 

Test No. 461; No. 29B. — ^The coal burned quickly, with a medium 
ength flame. Automatic air admission was operated. A gray 
linker formed on the grate; it was easily removed. 

Test No. 466; No. 29B (briquets). — ^The briquets burned with a 
nedium length flame. Steam was used in the ash pit. Automatic 
dr admission was not operated. A black porous cUnker fused to 
he side walls; it was easily broken and removed. 

Test No. 611; No. SO (wdshed briquets). — Automatic air admission 
vas not operated. The fuel bed required much attention. The 
blinker was easily removed. 

Test No. 489; No. SI (briquets). — ^The briquets burned with a long 
Qame. Automatic air admission was not operated. A brittle por- 
ous clinker of dark gray color formed on the grate; it was easily 
removed. 

Test No. 491; No. SI (briquets). — ^Automatic air admission was not 
operated. A lai^e amount of cUnker formed on the grate; it was 
easily removed. 

Test No. SIS; No. SS (briquets). — ^The coal binned with a short 
flame. Automatic air*admission was not operated. The fuel bed 
required much attention. A large quantity of clinker formed on the 
grate; it was easily removed. 

Test No. 609; No. S4B. — Steam was used in the ash pit. The 
furnace doors were cracked after each firing. Automatic air admis- 
sion was not operated. Coal caked on account of the cUnker impeding 
the air supply. The fire was easily handled. 

INDIANA. 

Test No. 16S; No. S. — Sulphur occurred in the coal in large balls 
and in thick layers. Slate occurred in large pieces and in large 
quantity, separated from the coal. The coal burned with a long 
flame. The clinker, dark in color and heavy, was easily removed 
from the grate. Automatic air admission was operated. 

Test No. 161; No. 4- — Gypsum and calcite occurred in the coal in 
thin opaque flakes; a large quantity of free slate was present. Coal 
burned slowly and did not break up in the fire. The clinker was 
light in weight and porous. Large pieces of free ash formed on the 
grate. The fire was easily cleaned. Automatic air admission was 
operated. 

Test No. 166; No. 4- — Gypsmn and calcite occurred in the coal in 
thin, opaque flakes; a large quantity of free slate was present. A 
small quantity of clay was visible. The coal caked in the fire, 
light, porous clinker formed on the grate; it was easily removed. 
Automatic air admission was operated. 
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Test No. 166; No. 4- — ^ thick, blistery, dark brown and beayy 
clinker formed over the grate; it was easily removed. Automatic 
air admission was operated. 

Test No. 164; No. 4 hoashed). — Gjrpsum and calcite occurred in 
the coal in very small quantities in thin, opaque flakes. The coal 
burned rapidly and caked. The fire was ea^ly cleaned. Automatic 
air admission was operated. 

Test No. IBS; No. 6. — Sulphiur occurred in the coal in large baUs; 
gypsum and calcite occurred in small quantities in thin, transparent 
flakes. A small amount of free slate was present. The coal burned 
rapidly and caked. The fuel bed required much attention. The 
clinker was dark in color and very heavy; it was easily removed from 
the grate. Molten refuse dropped into the ash {Ht. Automatic air 
admission was operated. 

Test No. 166; No. 6. — Sulphur occurred in the coal in large balb 
and tliick layers; gypsum and caldte occurred in thin, small, trans- 
parent flakes, and a small quantity of free slate was present. The 
coal burned slowly and caked. The fuel bed required much atten- 
tion. The clinker was brown in color an9 heavy; it was eaaiy 
removed. Automatic air admission was operated. 

Test No. 156; No. 6. — Sulphur occurred in the coal in large balls 
and thick layers; gypsum and calcite occurred in thin, small, trans- 
parent flakes. A small quantity of free slate was present. Hie coal 
burned slowly and caked. The clinker was daiic brown in color and 
heavy; it was easily remove<l. Automatic air admission was 
operated. 

Test No. 157; No. 6. — Sulphur occurred in thick layers; gypsum 
and calcite occurred in tliin, transparent flakes; a few thick layers of 
bone coal were present. A small quantity of free slate was visible. 
The coal burned slowly and caked. The clinker was dark brown in 
color; it was heavy but easily removed from the grate. Automatic 
air admission was operated. 

Test No. 159; No. 6 (wdsTied). — The coal burned very rapidly and 
caked in the fire. The clinker was of a brown color; it was easily 
removed from the grate. Automatic air admission was operated. 

Test No. 158; No. 7A. — Sulphur occurred in the coal in thick 
layers; gypsum and calcite were present in thick, transparent flakes. 
A small quantity of free slate was visible. The coal burned rapidly 
and caked in the fire. The clinker was light in weight, porous, and 
of a dark-gray color; no difficulty was experienced in removing it 
from the grate. Automatic air admission was operated. 

Test No. 288; No. 7 A (briquets). — The briquets burned freely and 
did not crumble in the fire; they were broken in halves before firing. 
Automatic air admission was operated. A solid, heavy clinker 
formed on the grate. In the first cleaning it was removed with diffi- 



DESCRIPTION AKD COMPLETE FINAL DATA OF TESTS. 161 

culty; in the second cleaning it could not be removed. A light 
vapor was visible at the top of the stack during the entire test. 

Test No. 164; ^0. 7B. — ^The coal burned with a long, yellow flame, 
and caked in the fire. The fuel bed required much attention. The 
clinker was of dari^Hred color and heavy; it was fused to the grate 
and was removed with difficulty. Automatic air admission was 
operated after the first hour. 

Test No. 176; No. 7B. — Gypsum and calcite occurred in the coal 
in thin^ opaque flakes; very little sulphur was discernible. The coal 
burned freely when screenings of the largest size were fired ; it burned 
with a long flame. A very thin layer of heavy dark clinker clung 
ti^tly to the grate. Automatic air admission was operated. 

Test No. 182; No. 8. — Sulphur occurred in the coal in a small 
quantity in thin layers; gypsum and calcite were present in a small 
quantity in thick, transparent flakes. Slate occurred in a small 
quantity in thin layers, adhering to the coal. The coal burned with 
a long, yellow flame. A light, porous cUnker of dark color formed 
on the grate; it was easily removed. Automatic air admission was 
operated. 

Test No. 183; No. 8. — Sulphur was somewhat prevalent in the 
coal both in flakes and balls; gypsum and calcite were present in 
small quantity in opaque flakes. All lump coal contained much shale. 
The coal burned with a long, yellow flame, and caked. Clinker of 
medium weight and a dark-red color formed on the grate in a porous 
layer; it was easily removed. Automatic air admission was operated. 

Test No. 185; No. 8. — light clinker of a dark-gray color formed on 
the grate; it was easily removed. Automatic air admission was 
operated. 

Test No. 184; No- * (wdsTied). — ^The coal burned freely. Light 
porous clinker and free ash of a dark-gray color formed on the grate; 
the clinker was easily removed. Automatic air admission was 
operated. 

Test No. 168; No. 9 A. — ^Much sulphur occurred in the coal in large 
balls and thick layers. Gjrpsum and calcite were present in small 
quantity in thin, transparent flakes. A small quantity of free slate 
was visible. The coal burned rapidly and caked in the fire. Light 
porous clinker and free ash formed on the grate. The fire was easily 
handled. Automatic air admission was operated. 

Test No. 169; No. 9 A. — The coal burned with a long, yellow flame. 
The clinker was of purple blue color and heavy; it contained much 
slate and was easily removed from the grate. The free ash was of a 
dark-gray color. Automatic air admission was operated. 

Test No. 174; No. 9B. — The coal burned with a long yellow flame, 
and caked. A light porous clinker of dark-brown color formed on the 
grate ; it was easily removed. Automatic air admission was operated. 
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Test No. SS4; Nos. 9 A and 9B (6rijtt€te).— The briquets btimed 
freely and quickly, with a long flame, and did not crumble; they were 
broken in halves before firing. Automatic air admission was oper- 
ated. A thick layer of porous and plastic clinker formed on the 
grate; it was easily removed. The test was too short for reliable 
results. 

TeH No. 167; No. 10. — Sulphur occurred in the coal in small quan- 
tity, in thick layers; gypsum and calcite occurred in thin, somewliat 
transparent flakes. A small quantity of slate adhered to the coal. 
The coal burned rapidly and caked. The clinker was easily removed 
from the grate. Automatic air admission was operated. 

Test No. 177; No. 10 {washed). — Sulphur occurred in thin yellow 
layers at right angles to the coal stratum; gypsum and calcite were 
present in thin white flakes. Considerable clay was spread in thin 
layers over all the surfaces of the coal. A large quantity of shale was 
visible. The coal burned freely. A thin layer of heavy clinker d 
dark-red color formed over the grate; it was easily removed. Auto- 
matic air admission was operated. 

Test No. 2SS; No. 11. — ^The coal contained a small quantity of 
flake sulphur. A large quantity of both free and attached slate was 
present. The coal burned freely, with a long flame. The volatile 
matter distilled very rapidly. A light porous clinker of dark-red color 
formed on the grate ; it was easily removed. The free ash was light 
in weight and color. Automatic air admission was operated. 

Test No. 234; No. 11. — Layers of bright coal alternated with a dull 
gray substance ; it fractured irregularly. The coal burned freely and 
with a long yellow flame. A layer of light porous clinker of a gray 
color was formed on the grate; it was easily removed. Automatic 
air admission was operated. 

Test No. 235; No. 11. — The coal burned with a long flame; the fine 
coal caked in the fire. The volatile matter distilled slowly. Free ash, 
liglit in weight and color, and a thin, porous layer of clinker of dark- 
brown color, formed over the grate; it was easily removed owing to 
the presence of slate. Automatic air admission "(^ras operated. 

Test No. 299; No. 12, — The coal contained a large quantity of sul- 
phur, present in balls. Considerable black slate was visible. Hard- 
ened white clay was spread over the coal. The coal burned very 
quickly, with a long flame, and caked. A very fragile and porous 
clinker formed on the grate ; it was easily removed. Automatic air 
admission was not operated. The furnace doors were cracked after 
each firing for about one and one-half minutes. The combustion wall 
was down during this test. 

Test No. 300; No. 12. — Sulphur occurred in the coal in thick layers 
and large balls. The coal burned freely, with a long yellow flame. A 
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thick porous clinker formed on the grate; it was easily removed. 
Automatic air admission was not operated. 

Test No. SIO; No. 12 (vxished). — ^The coal burned freely, witlx a 
long yellow flame. Automatic air admission was operated. A light 
poxous clinker and free ash formed on the grate. Flue gas tempera- 
ture readings were about 150® too low. 

Test No. J^S2; No. 13. — ^The coal cracked in the fire and burned 
freely with a bright yellow flame. Automatic air admission was oper- 
ated. The fire was easily handled. Heavy clinker formed on the 
grate; it was easily removed. Intense combustion occurred during 
the firing intervals. The test was run to obtain high capacity. 

Test No. 4SS; No. IS. — ^Automatic air admission was operated. 
The test was too short for reUable results. 

Test No. 4^0; No. 14- — ^The coal was easily broken. Many layers 
of slate and iron occurred in the pieces of coal. Large amounts of 
sulphur and gypsxim were present. The coal burned slowly on account 
of the large amount of clinker. Steam was used in the ash pit during 
the last half of the day. Molten refuse dropped into the ash pit. 
A tough, porous and heavy clinker of bluish-gray color adhered 
tightly to the grate and was removed with difficulty. 

Test No. J^Sl; No. I4. — A steam blower was used in the ash pit 
successfully to prevent clinker sticking to the grate. Automatic air 
admission was operated. A dark, heavy, solid clinker formed on the 
grate; it was easily removed. 

Test No. 4^8; No. 15, — ^The coal burned freely and rapidly. Auto- 
matic air admission was operated. A large amount of loose, brittle 
clinker of light-gray color formed on the grate; it was easily removed. 
The test was run to obtain high capacity. 

Test No. 4^9; No. 16. — ^Automatic air admission was operated. 
The fire was easily handled. Test was run to obtain high capacity. 
Test No. 4^6; No. 16. — ^Automatic air admission was operated. 
Pire was easily handled. 

Test No. 4^> ^0. 16. — ^The test was run to obtain high capacity, 
but large amounts of fine coal prevented success. The fire was easily 
handled. Automatic air admission was operated. 

Test No. 44i J No. 17. — ^Automatic air admission was operated. A 
solid clinker formed on the grate impeding the air supply; it was easily 
removed. 

Test No. 44^^ No. 17. — A solid clinker adhered to the grate, imped- 
ing the air supply; it was removed with some difficulty. Automatic 
air admission was operated. The combustion chamber temperature 
was higher at the close of the test than at the start. 

Test No. 4^5; No. 18B. — In fracture the coal resembled pitch. A 
small amoimt of gypsum was present; iron pyrites were very preva- 
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lent. The coal burned rapidly, with a long^ yellow flame, and caked. 
Automatic air admission was operated. When the coal was fired, the 
fine coal flashed like powder. A light and porous dinker of iMowiush 
color formed on the grate; it was brok^ vp with difficulty, but easily 
removed. 

Test No. 4S6; No. 18B.— The coal burned quiddy, vnih a long yel- 
low flame, and caked. When thrown in the furnace, the fine coal 
flashed into flame. A layer of very porous and plastic clinker formed 
on the grate and adhered to the side walk; it was broken up with 
difficulty. 

Test No. 464; No. 19 (IriqueU). — ^The briquets burned with a short 
flame. Automatic air admission was not operated. The clinker was 
easily removed. 

nnnAK tssbctobt. 

Test No. 417; No. 2B.—Tlie coal burned freely. The fire doois 
were cracked after each firing. Automatic air admission was oper- 
ated. A heavy, porous clinker formed on the grate; it was easily 
removed. 

Test No. 4I8; No. 2B.—Thie coal biumed freely with a long flame 
and the volatile matter was distilled off quickly. The clinker did 
not impede the air supply. The test was made to obtain high capac^ 
ity. Moisture in the steam was estimated. 

Test No. 455; No. 2B (briquets). — The fuel bed required consider- 
able attention. The large briquets burned slowly and the small bri- 
quets (quickly. A tliin, tough, solid clinker of purple color adhered 
to the grate, impeding the air supply; it was removed with difficulty. 
Water was used in tlio ash pit. Automatic air admission was oper- 
ated during part of the test. 

Test No. 453; No. 2B (briquets). — Both natural and forced draft 
were used. The briquets burned quickly with medium length flame. 
Molten refuse dropped into the ash pit. Automatic air admission 
was operated for two hours. In the first cleaning a thin, solid clinker 
of dark-gray color stuck to the grate; it was removed with difficulty. 
After cleaning, L'OO pounds of limestone was spread over the grate. 
The second cleaning was as difficult as the first. 

Test No. 456; No. 2B (washed briquets). — The briquets were fired 
whole part of the time and part of the time broken in halves. They 
burned quickly, the unbroken briquets giving the better results. 
Water was used in the ash pit. A thin, tough, solid clinker of purple 
color adhered to the grate, impeding the air supply; it was removed 
with difficulty. 

Test No. 4S7; No. 8 (washed briquets). — The briquets burned rapidly 
with a short flame and did not crumble in the fire. Automatic air 
admission was operated. Molten refuse dropped into the ash pit. 
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A thin layer of very heavy dinker oi grayish color adhered to the 
grate and was removed with difficulty. Part of the combustion 
wall fell during this test. 

Test No. 449; No. 9. — ^The coal burned with a short flame. Auto- 
matic air admission was not operated. Hie clinker adhered to the 
grate. In the first cleaning loose clinker was formed on the grate; 
it was easily removed. In the second cleaning light clinker adhered 
to the grate and was removed with difficulty. 

Test No. 450; No. 9 (briquets). — ^The briquets burned with a short 
flame. Automatic air admission was not operated. One hundred 
and nineteen pounds of limestone was spread over the grate at the 
end of the first cleaning. In the first cleaning the clinker was easily 
removed from the grate, but adhered a little to the side wall. In the 
second cleaning, a light tough clinker adhered to the grate and was 
removed with difficulty. 

JAXXSTOWir. a 

Test No. 601; No. 1. — The coal had a dull color resembling slate 
&nd was broken with difficulty. It contained large quantities of cal- 
cite and gypsum and a small amoimt of slate and dirt. The coal 
burned with a medium length flame and caked. A porous clinker 
fonned on the dead plate and adhered to the bridge wall. 

Test No. 602; No. 1. — ^The coal had a dull color resembling slate, 
and it was broken with difficulty. It contained large quantities of 
calcite and gypsum and a small amount of slate and dirt. The coal 
burned with a medium length flame and caked. A small porous 
clinker formed on the dead plate and adhered to the bridge wall. 

Test No. 60S; No. S. — The coal appeared very black and had a 
luster similar to anthracite. It was very friable and contained small 
amounts of dirt, dust, sulphur, calcite, and gypsum. A large amount 
of slate was visible. The coal binned with a short flame. A hard, 
porous clinker formed on the dead plate. 

Test No. 604; No. S. — The coal burned with a short flame. A hard, 
porous clinker formed on the dead plate. 

Test No. 606; No. S. — The coal burned rapidly with a short flame. 
A very porous clinker of reddish-brown color formed on the dead 
plate. The load was very variable on the test. 

Test No. 606; No. 3. — The fuel bed required considerable attention. 
During part of the test the furnace doors were cracked after firing. 

Test No. 607; No. S. — The coal burned with a short flame and 
caked. The fuel bed required considerable attention. The volatile 
matter distilled off quickly. A brittle clinker of reddish-brown color 
formed on the grate and adhered to the side walls. Automatic air 
admission was operated continuously. The moisture in the steam 
was estimated. 



a Coals from Virginia and West Virginia. 
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Test No. 608; No. 4- — The coal was very black ; fresh surfaces had a 
luster resembling anthracite. The coal was broken with difficulty. 
It contained a small amount of slate, sulphur, gypsum, and calcite; 
also some bone coal. It burned slowly with a medium length flame 
and caked. The fuel bed required considerable attention. A layer 
of heavy, compact clinker of reddish-brown color adhered to the 
grate; it was removed with much difficulty. Automatic air admis^ 
sion was partly open continuously. The moisture in the steam was 
estimated. 

Test No. 609; No. 4* — The test was too short for reliable results. 
The coal burned rapidly with a short flame and caked. Two hunr 
dred and three pounds of limestone was spread over the grate at the 
start of the test. The fuel bed required considerable attention. A 
reddish compact clinker, easily broken and removed, formed over the 
grate. Automatic air admission was not operated. No flue-gas 
analysis was made on this test. The figure given for the weight of 
the ash and refuse includes the remains of the limestone. 

Test No. 610; No. 4- — The coal burned rapidly with a short flame 
and caked. The fuel bed required considerable attention. A veiy 
compact clinker of reddish color formed on the grate and was broken 
up with some difTiculty. It did not adhere to the grate, owing to the 
presence of water in the ash pit. Automatic air admission was not 
operated. One thousand tliree hundred and eighty pounds of water 
were used in tlie asli pit to cool the grate. This water was not con- 
sidered in figuring the heat balance. A calculation shows that the 
water caused a heat loss of 1.19 per cent based on the combustible. 

Test No, 611; No. 4- — The coal burned with a medium length flame 
and caked. The moisture in the steam was determined by averaging 
the readings of the throttling and the separating calorimeter. 

Test No. 612; No. 4- — The coal burned with a medium length flame 
and caked. The moisture in the steam was determined by averaging 
the readings of the throttling and the separating calorimeter. 

Test No. 613; No. 4- — The fire was heavier at the close of the test 
than at the start. The coal burned with a medium length flame 
and caked. The moisture in the steam was determined by averaging 
the readings of the throttling and the separating calorimeter. 

Test No. 614; No. 4' — The coal burned with a medium length 
flame, and caked. The moisture in the steam was determined by 
averaging the readings of the throttling and the separating calorimeter. 

Test No. 615; No. 4- — The coal burned with a medium length 
flame, and caked. The moisture in the steam was determined by 
averaging the readings of the throttling and the separating calorimeter. 

Test No. 616; No. 4- — A hard, loose, brittle clinker formed on the 
dead plate. 
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Test No. 617; No. 4- — ^The moisture in the steam was determined 
by averaging the readings of the throttling and the separating calo- 
rimeter. The loss up the stack was determined by using the analy- 
sis of gas from the combustion chamber. 

Test No. 618; No. 4- — ^The moisture in the steam was determined by 
averaging the readings of the throttling and the separating calorimeter. 

Test No. 619; No. 4- — ^The moisture in the steam was determined by 
averaging the readings of the throttling and the separating calorimeter. 

Test No. 6^; No. 6. — ^The ash and clinker were light in weight 
and brittle. The weight of the ash and refuse was determined from 
chemical analysis of the coal and the ash. The n^ative heat balance 
was due to unaccountable error. 

Test No- 6S0; No. 6. — ^The load carried during the last hour was 
heavier than that carried during the rest of the test, but the feed of 
co&l was not changedi so that the fire at the end of the test was really 
lighter. The weight of ash and refuse was determined from chemical 
analysis of the coal and the ash. 

Test No. 6 SI; No. 7. — ^The coal burned freely with a medium length 
-flame. The weight of the ash and refuse was calculated from the 
chemical analysis of the coal and the ash. 

Test No. 620; No. 7. — ^The coal was clean and bright and contained 
only a small amount of slate. The moisture in the steam was deter- 
mined by averaging the readings of the throttling and the separating 
calorimeter. The weight of the ash and refuse was determined by the 
chemical analysis of the coal and the ash. 

Test No. 621; No. 7.— The coal caked badly m the fire. The 
moisture in the steam was determined by averaging the readings of 
the throttling and the separating calorimeter. The weight of the ash 
and refuse was calculated from the chemical analysis of the coal and 
the ash. 

Test No. 623; No. 7. — ^The weight of the ash and refuse was deter- 
mined from the chemical analysis of the coal and the ash. 

Test No. 624; No. 7. — The fire at the close of the test was estimated 
to be between 200 and 250 pounds heavier than at the start. No 
ash was removed in this test. The weight of the ash and refuse was 
calculated from the chemical analysis of the coal and the ash. The 
test was too short for reliable results. The furnace doors were 
cracked continuously. 

Test No. 625; No. 7. — The test was run to obtain good economy. 
The weight of the ash and refuse was determined from chemical 
analysis of the coal and the ash. 

Test No. 626; No. 7. — ^The weight of the ash and refuse was deter- 
mined from the chemical analysis of the coal and the ash. Flue-gas 
analysis is in error owing to a leak in the sampling pipe. 
99133**— Bull. 23—12 ^12 
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Test No. 639; No. 1 1 . — ^The coal burned with a short, white flame, 
and caked. The fuel bed required conrnderable attention. A dark, 
heavy clinker formed on the grate; it was easily removed. Auto- 
matic air admission was not operated. 

KANSAS. 

Test No. 4S7; No. 2B (briquets). — ^Automatic air admission was not 
operated. The clinker was easily removed from the furnace. 

Test No. 488; No. 2B Qniquets). — ^The briquets burned freely, with I 
a medium length flame. Automatic air admission was not operated. ^ 
Steam was used in the ash pit for half of the test. A thick, nonporotis ^ 
clinker formed on the grate; it was broken up with difliculty. 

Test No. 495; No. 2B {wasTied briquets). — ^The briquets bunied ■ 
freely with a short flame. Steam was used in the ash pit. Automatic 
air admission was not operated. In the first cleaning a light and ^ 
thin clinker adhered somewhat to the grate. In the second cleaning 
the clinker was easily removed. 

Test No. 311; No. 6. — Considerable free slate was present in the 
coal, also a large quantity of slate, iron, and sulphur combined. A 
considerable amount of gypsum was visible. The coal burned with 
a long flame. Steam was used in the ash pit. Automatic air admis- 
sion was operated. A dark brown, soUd clinker formed on the grate 
and was easily removed. 

Test No. 323; No. 6 (wasTied). — The coal burned freely and quickly, 
with a long flame. Steam was used in the ash pit. Automatic air 
admission was operated. A layer of plastic clinker and free ash was 
formed on the grate; it was easily removed. 

KENTUCKT. 

Test No. 255; No. 1 C. — The coal contained large quantities of bone 
coal and slate. The coal burned with a long, yellow flame, and caked, 
requiring frequent raking. A heavy clinker formed on the grate; it 
was easily removed. A itomatic air admission was operated. 

Test No. 263; No. 1 C— The coal caked in the fire. A layer of 
dark, heavy, and solid clinker formed on the grate; it was easily 
removed. Automatic air admission was operated. 

Test No. 265; No. 1 C. — The coal burned with a long flame. The 
volatile matter was distilled slowly. A heavy, red clinker formed 
over the grate; it was easily removed, owing to the presence of slate. 
Automatic air admission was operated. 

Test No. 276; No. 5. — The coal burned freely; small pieces cracked 
ofif as soon as the coal was fired. A thin, soUd, and very brittle 
clinker formed on the grate; it was easily broken and removed. 
Automatic air admission was operated. 
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Test No. 277; No. 6. — Small pieces of coal cracked off as soon as 
the coal was fired. The fire was easily handled. Automatic air 
admission was operated. 

Test No. S70; No. 6. — ^Bone coal and slate occurred in the coal in 
large quantities. The coal burned with a long flame. A light, por- 
ous, whitish clinker formed on the grate ; it was easily removed. The 
test was begun with exceptionally good furnace conditions. Auto- 
matic air admission was operated. Steam was used in the ash pit. 

Test No. 271; No. 6. — ^The coal burned with a long flame. A light, 
porous clinker formed on the grate; it was easily broken and removed. 
Automatic air admission was operated. Steam was used in the asli 
pit. (Night test.) 

Test No. 278; No. 7. — Gypsum, calcite, and slate were present in 
the coal. Sulphur occurred in both flakes and balls. The coal 
burned freely when there was sufficient air supply. The fuel bed 
required frequent raking. A solid layer of clinker formed over the 
grate after about two and one-half hours' run; it was easily removed. 
Automatic air admission was operated. No flue gas analyses were 
made on this test, as the Orsat apparatus was out of order. 

Test 279; No. 7.— The coal burned freely, and the fuel bed 
required considerable attention. Automatic air admission was not 
operated. The clinker was easily removed from the grate. The 
furnace doors were cracked for a short interval after each firing. 

Test No. 4S4; No. 8. — Gypsum was visible in the coal. Small 
quantities of slate and iron pyrites were present. The coal was very 
hard and contained a large amount of substance that resembled 
charcoal. It burned quickly, with a long, yellow flame, and caked. 
Automatic air admission was operated. A thin layer of very porous 
clinker formed on the grate; it was easily removed from the grate, 
but fused on the side walls. 

Test No. J^Ifi; No. 8. — The coal burned with a long flame and caked, 
and the fuel bed required considerable attention. Automatic air 
admission was operated. A small amount of porous clinker of 
reddish-gray color formed on the grate; it was easily removed. 

Test No. 462; No. 9B. — The coal burned rapidly and freely with a 
long flame. Automatic air admission was operated. Steam was 
used in the ash pit for one and one-half hours. A thick porous 
clinker of grayish color formed on the grate; it was easily removed. 

MABYLAND. 

Test No. 222; No. L — The coal was of crystalline structure and 
contained a small quantity of sulphur in thick layers. It was 
reduced to slack by shipping. It burned slowly with a short white 
flame, and caked. Cliiier and free ash formed on the grate ; it was 
easily removed. Automatic air admission was not operated. 
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Test No. 2S1; No. 1 duxuihed). — ^The coal burned slowly and caked. 
The volatile matter was distilled off quickly. The clinker waseaofy 
removed. Automatic air admission was operated. 

Test No. 2S2; No. 1 {washed). — ^A porous clinker formed on the 
grate; it was easily removed. Automatic air admission was not 
operated. 

Test No. Ji90; No. 2. — ^Automatic air admission was not operated. 
A small amount of clinker formed on the grate; it was easily removed. 

Test No. 493; No. 2 (briquets). — Automatic air admission was not 
operated. The fire was easily handled. 

Test No. 618; No. 2 (Jmqueis). — ^The briquets were burned with a 
short flame. Automatic air admission was not operated. The file 
was easily handled. 

nssouBi. 

Test No. S19; No. 6. — The coal burned slowly with a mediiun length 
flamC; and caked. Automatic air admission was operated. A thick 
layer of dark-brown clinker formed on the grate; it was easify 
removed. 

Test No. 320; No. 6. — Sulphur occurred in the coal in thick layere 
in small quantity. Slate occurred in thick and in thin layers. A 
small quantity of clay was present. The coal burned quickly, and 
caked on account of the large amount of slack; it cracked in the fire. 
Automatic air admission was operated. A thick layer of heavy and 
solid clinker formed on the grate; at the first cleaning it was easily 
removed; at the second cleaning it was removed with difficulty. 
The fuel bed required considerable attention. The figures for mois- 
ture in steam were assumed. 

Test No. 326; No. 6. — Sulphur occurred in the coal both as sulphur 
balls and in tliick layers. Gypsum and calcite were quite prevalent 
in flakes. The coal burned freely, with a long flame. Steam was 
used in the ash pit. Automatic air admission was operated. A 
heavy clinker of dark-red color formed on the grate; it was easily 
removed. 

Test No. 327; No. 6. — ^The coal consisted of thin layers of black 
shiny coal alternated with a dull gray substance. It fractured in 
planes parallel and at right angles to the layers; it was broken with 
difficulty. Sulphur occurred in small quantity in thin layers and 
veins. Slate was present in small quantity in thin layers adhering 
to the coal. Gypsum and calcite occurred in large quantities in white 
opaque flakes in planes at right angles to the bedding planes. The 
coal burned freely, with a long flame. Steam was used in the ash pit. 
Automatic air admission was operated. A heavy, compact clinker of 
dark-red color formed on the grate; it was easily removed. 
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Test No. 329; No.' 7 A (vxi8hed).—The coal burned freely and 
quickly with a long flame. Steam was used in the ash pit. Auto- 
matic air admission was operated. A thin layer of solid and brittle 
dinker was formed on the grate; it was easily removed. The fire 
was easily handled. 

Test No. SSO; No. 7A (vxuihed).— The coal burned freely and 
quickly with a long flame. Steam was used in the ash pit. Auto- 
matic air admission was operated. A thin layer of solid, heavy 
dinker of dark-brown color formed on the grate; it was easify 
removed. 

Test No. SS2; No. 7B {washed).— The coal burned quickly with a 
long flame. Automatic air admission was not operated. A thick 
layer of solid, heavy clinker of dark-brown color formed on the 
grate; it was easily removed. The test was run to obtain high 
capacity, and forced draft was used. 

Test No. 486; No. 10 (briquets). — ^The briquets burned freely with a 
loDg flame. Automatic air admission was not operated. Ash formed 
on the exterior of the briquets, reducing the rate of combustion. A 
large amount of dark-brown porous ash formed on the grate; it was 
easily removed. The fuel bed required considerable attention. 

KONTANA. 

Test No. 470; No. 2. — ^The coal burned freely and quickly. Auto- 
matic air admission was not operated. The fire was easily handled. 
Difficulty was experienced in separating the ash from the Uve fuel 
in cleaning firos. 

Test No. 4?'''; No. S. — ^The coal burned freely. Automatic air 
admission was not operated. The fire was easily handled. Very 
porous clinker formed on the grate; it was easily removed. 

NEW MEXICO. 

Test No. 396; No. 3A. — ^The coal was rather soft. In structure 
it consisted of layers of bright black coal alternating with a dull gray 
substance. The fracture was irregular, forming rough surfaces. 
Slate occurred in large quantity in thick layers adhering to the coaL 
A large quantity of clay was present. The coal burned freely and 
quickly, with a long yellow flame. Automatic air admission was 
not operated. The fire was easily handled. Free ash, light in 
weight,, formed on the grate. 

Test No. 389; No. 3B. — ^The coal was soft and brittle ; it crumbled 
when handled. Its structure was partly crystals and partly layers. 
The fracture was irregular, forming rough edges. Slate occurred 
in large quantity in thin and thick layers well distributed. Sulphur 
occurred in small quantity in thin layers. The coal burned freely 
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■ the grate; it was easily removed. Automatic air admission was 
"«*rated. 

TeH No. 192; No. 1 {vxLshed), — Heavy clinker of dark-gray color 
-*mifid on the grate; it was easily removed. Automatic air admis- 
ri was operated. 

Tut No. 193; No. 2. — Sulphiu: occurred in the coal in thin layers. 

-oe coal burned with a long flame. A reddish-brown clinker adhered 

y the grate; it was removed with difficulty. Automatic air admis- 

•uu was operated. 

Tegl No. 197; No. 2 (washed). — The coal burned freely. A thin 

v^er of dark heavy cUnker fused to the grate; it was removed with 

oiSculty. Automatic air admission was operated. 

Te$t No. 203; No. 3 (wdshed). — ^The coal burned very freely, with a 
/ng flame. light porous clinker formed on the grate; it was easily 
amoved. Automatic air admission was operated. 

Test No. 188; No. 4- — ^The coal contained a large quantity of free 
iate* Thin layers of bright tarry coal alternated with a dull-gray, 
harcoal-Uke substance. The coal burned rapidly, with a long white 
lame, and caked. The clinker was heavy and of a dark-gray color; 
u was easily removed from the grate. Automatic air admission was 
ipwated. 

Test No. 201; No. 4- — ^The coal burned freely. A dark-gray, heavy 
•linker adhered to the grate. Automatic air admission was operated. 
Test No. 202; No. 4- — The coal burned freely, with a long yellow 
flftme. A heavy dark-gray clinker adhered to the grate. Auto- 
matic air admission was operated. 

Test No. 219; No. 4 {washed). — ^The coal biurned with a long yellow 
flame. A very heavy dark-gray clinker formed on the grate. Dur- 
ing the first part of the test the cUnker did not adhere to the grate, 
bat during the latter part it fused into the grate, and was removed 
wUh difficulty. Automatic air admission was operated. 

Test No. 220; No. 4 (washed). — Sulphiu: appeared in the coal in 
layers. Considerable free slate was present. The coal burned with 
a long yellow flame; the small-sized coal caked badly. The volatile 
matter began to distill quickly after the coal was fired. A thin, 
solid, heavy layer of cUnker formed over the grate; it was easily 
removed. Steam was used in the ash pit. Automatic air admission 
was operated. 

Test No. 221; No. 4 (washed). — ^The coal burned with a long yellow 
flame. The volatile matter began to distill quickly after the coal 
was fired. A heavy nonporous cUnker of a dark-brown color formed 
on the grate; it was removed in large pieces without difficulty. 
Automatic air admission was operated. Steam was used in the ash 
pit. The coal and ash samples in this test were mixed, by mistake. 
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and quickly with a long, yellow flame, and cracked in the fire. The 
fire doors were partly open for one and one-half minutes after each 
firing. Free ash formed on the grate. Flue-gas anafysis is ques- 
tionable. Automatic air admission was not operated. The fire was 
easily handled. 

Test No. 391; No. SB. — ^The coal burned freely and quickly, with a 
long yellow flame, and cracked in the fire. Automatic air admission 
was not operated. The furnace doors were partly open after each 
firing for a short interval. The fire was easily handled. A thick 
layer of free ash formed on the grate. The flue-gas samples were 
questionable. 

Test No. S92; No. SB (twwAed).— The coal bmned quickly, with a long 
yellow flame, and caked. Automatic air admission was not operated. 
The fire doors were partly open for a short interval after each firing. 
The fire was easily handled. Free ash formed on the grate. 

TeM No. S97; No. 4^. — ^The coal contained a large quantity of dirt, 
slate, clay, and stone. It burned freely. Automatic air admission 
was not operated. Free ash, Ught in color, formed on the grate. 

Test No. S98; No. ^A (vxuihed). — The coal contained a large quan- 
tity of dirt, slate, clay, and stone. It burned freely. Automatic air 
admission was not operated. Free ash, light in color, formed on the 
grate. 

Test No. S9S; No. 4B. — The coal was rather soft. Its structure 
was mostly layers of bright black coal alternating with layers of dull 
gray substance. The fracture was irregular, forming rough surfaces. 
Free slate occurred in small quantity. The coal burned quickly, with 
a long yellow flame, and caked. The fire was easily handled. Free 
ash formed on the grate and was easily removed. 

Test No. S87; No. S. — The structure of the coal was crystalline. 
The fracture was irregular, making rough surfaces. The coal was 
soft and crumbled in handling. It burned freely and quickly with 
a medium length flame. Automatic air admission was not operated. 
Fire doors were left open for one and one-half minutes after each 
firing. Large pieces of free ash formed on the grate. The fire was 
easily handled. Flue-gas samples were questionable. 

NOBTH DAKOTA. 

Test No. 206; No. S. — The coal burned with a short white flama. 
and crumbled in the fire. A thin layer of very heavy clinker formed 
on the grate; it was easily removed. Free ash was white in color. 
Automatic air admission was not operated. 

OHIO. 

Test No. 191; No^ 1. — Sulphur occurred in the coal in large balls and 
thick layers. A large quantity of free slate was visible. The coal 
burned slowly and caked. Heavy clinker of dark-gray color formed 
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m the grate; it was easily removed. Automatic air admission was 
)perated. 

Test No. 192; No. 1 {washed). — Heavy clinker of dark-gray color 
formed on the grate; it was easily removed. Automatic air admis- 
don was operated. 

Test No. 19S; No. 2. — Sulphur occurred in the coal in thin layers. 
The coal burned with a long flame. A reddish-brown clinker adhered 
to the grate; it was removed with difficulty. Automatic air admis- 
fflon was operated. 

Test No. 197; No. 2 (wdsTied). — The coal biuned freely. A thin 
layer of dark heavy cHnker fused to the grate; it was removed with 
difficulty. Automatic air admission was operated. 

Test No. 203; No. 3 {washed). — ^The coal burned very freely, with a 
long flame. light porous clinker formed on the grate; it was easily 
removed. Automatic air admission was operated. 

Test No. 188; No. 4- — ^The coal contained a large quantity of free 
date. Thin layers of bright tarry coal alternated with a dull-gray, 
charcoal-Uke substance. The coal burned rapidly, with a long white 
flame, and caked. The clinker was heavy and of a dark-gray color; 
it was easily removed from the grate. Automatic air admission was 
operated. 

Test No. 201; No. 4- — ^The coal burned freely. A dark-gray, heavy 
clinker adhered to the grate. Automatic air admission was operated. 

Test No. 202; No. 4- — ^The coal biumed freely, with a long yellow 
flame. A heavy dark-gray clinker adhered to the grate. Auto- 
matic air admission was operated. 

Test No. 219; No. 4 {washed). — ^The coal burned with a long yellow 
flame. A very heavy dark-gray clinker formed on the grate. Dur- 
ing the first part of the test the cUnker did not adhere to the grate, 
but during the latter part it fused into the grate, and was removed 
with difficulty. Automatic air admission was operated. 

Test No. 220; No. 4 {washed). — Sulphur appeared in the coal in 
layers. Considerable free slate was present. The coal burned with 
along yellow flame; the small-sized coal caked badly. The volatile 
matter began to distill quickly after the coal was fired. A thin, 
solid, heavy layer of cUnker formed over the grate; it was easily 
removed. Steam was used in the ash pit. Automatic air admission 
was operated. 

Test No. 221; No. 4 {washed). — ^The coal burned with a long yellow 
flame. The volatile matter began to distill quickly after the coal 
was fired. A heavy nonporous chnker of a dark-brown color formed 
on the grate; it was removed in large pieces without difficulty. 
Automatic air admission was operated. Steam was used in the ash 
pit. The coal and ash samples in this test were mixed, by mistake. 
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The chemical determinations used are from the analysis of the same 
coal in the preceding test. 

Test No. 186; No. 6. — ^The coal contained a considerable quantity 
of free slate. It burned with a long white flame. A layer of clinker 
formed on the grate and was easily removed owing to the presence 
of slate. The clinker was of medium weight, very porous, and of a deep 
purple color. Automatic air admission was operated. 

TeM No. 187; No. 5, — The coal burned freely, with a long yellow 
flame. The clinker was deep purple in color, medium in weight, 
porous, and loosely formed; it was easily removed from the grate, 
owing to the presence of slate. The free ash was of a gray color. 
Automatic air admission was operated. 

Te9i No. 189; No. 6. — ^The coal contained a large quantity of free 
slate. Thin layers of bright tarry coal alternated with a dull charcoal- 
like substance. The coal burned rapidly, with a long white flame, 
and caked. A Uttle porous clinker of a dark-gray color and large 
pieces of free ash formed on the grate; they were easily removed. 
Automatic air admission was operated. 

Test No. 190; No. 6. — The coal burned rapidly, with a long white 
flame, and caked. The fire was easily handled. Clinker was of a 
dark-gray color. Automatic air admission was operated. 

Test No. 284; ^o. 6, — The coal contained considerable bone coal 
and slate. A small quantity of gypsum was present. The coal burned 
freely, with a long flame. A dark heavy clinker formed on the grate; 
it was easily removed. Automatic air admission was not operated. 

Test No. 253; No. 6 (wdsJied.) — The coal burned with a long flame. 
A thin soUd layer of heavy clinker formed on the grate; it was 
removed with difliculty. Automatic air admission was operated. 

Test No. 268; No. 7. — Much sulphur, in large balls and thick layers, 
occurred in the coal. A small quantity of free slate was present. 
Tliin layers of bright coal alternated with a dull black substance. 
Tlie coal cracked in the fire. A thick layer of heavy clinker formed 
on the grate; it was easily removed. Automatic air admission was 
operated. 

Test No. 269; No. 7. — The coal cracked in the fire. A thick layer 
of solid, heavy clinker formed on the grate; it was easily removed 
during the first cleaning; later it adhered to the grate and was 
removed with difficulty. Automatic air admission was operated. 
Steam was used in the ash pit. 

Test No. 287; No. 8. — Much sulphur in large balls and thick 
layers occurred in the coal. The coal burned freely and cracked in 
the fire. Automatic air admission was operated. A thick layer of 
loose, heavy clinker formed on the grate but was easily removed. 

TeM No. 246; No. 9 A. — The coal contained much sulphur in large 
balls and thick layers. Small quantities of gypsum and calcite were 
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present in transparent layers. The coal burned freely, with a long, 
yellow flame. A thin layer of porous clinker of a light-gray color 
formed on the grate; it was easily removed. Automatic air admis- 
sion was operated. Steam was used in the ash pit. 

Test No. 249; No. 9 A. — Sulphur occurred in the coal in thin flakes. 
Considerable quantities of gy]>sum and calcite were present. A 
small quantity of slate was visible. The coal burned freely. Vola- 
tile matter distilled slowly when the coal was fired. A soft, light 
clinker of dark-brown color formed over tlie grate. Automatic air 
admission was operated. 

Test No. 250; No. 9 A. — The coal burned freely with a long flame. 
Yolatile matter distilled slowly when the coal was fired. A light, 
tough, porous clinker formed over the grate. During tlio early part 
of the test no steam was used in the ash pit and tlio clinker stuck 
badly to the grate. The use of steam in the ash pit thereafter pre- 
vented further trouble with the clinker. Automatic air admission 
was operated. This test was started inunediatcly after closing a 
10-hour rim, so as to determine the effect on efRciency of starting 
the test with a very hot setting. (Night test.) 

Test No. 252; No. 9 A. —The coal burned freely. A tldck layer of 
porous clinker formed on the grate; it was easily removed. Auto- 
matic air admission was operated. 

Test No. 224; ^o. 9B. — The coal burned with a long, yellow flame, 
and caked. A thick, porous clinker of a dark-gray color formed on 
the grate; it was easily removed. Automatic air admission was 
operated. Furnace temperature readings were taken from a black 
body placed against the inside wall of the combustion chamber; the 
readings were too low. 

Test No. 241 ; No. 9B {wasTved). — The coal burned freely and 
cracked when thrown on the fire. A light, porous clinker and free 
aah formed on the grate; they were easily removed. Automatic air 
admission was operated. Steam was used in the ash pit. 

Test No. 24s ; No. 9B (wdsTied and dried). — The coal burned freely, 
with a long yellow flame, and caked. A light, porous clinker formed 
on the grate; it was easily removed. Automatic air admission was 
operated. 

Test No. 244^' No. 9B {wdsTied and dried). — ^The coal burned freely, 
with a long yellow flame. Light, porous clinker formed on the grate; 
it was easily removed. Automatic air admission was operated. 
(%ht test.) 

Test No. 4^9; No. 10. — ^The coal contained some iron pyrites and 
gypsum. It burned freely, with a long flame. Steam was used in 
the ash pit two hours before cleaning the fire. Automatic air admis- 
sion was not operated. The lower furnace doors were cracked after 
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each firing. A grayish, porous clinker formed on the grate; it wad 
easily removed. 

Te^ No. 474! ^0. 11. — ^The coal burned freely, with a long flame. 
A heavy, loose clinker formed on the grate; it was easily removed. 

Test No. 47S; No. 11. — ^The coal burned with a long flame. A 
heavy, loose clinker formed on the grate; it was easily removed. 

Test No. 483; No. 12.— The coal burned freely, with a white, 
short flame. The doors were cracked after each firing. Automatic 
air admission was not operated. The fire was easily handled. A 
brittle clinker formed on the grate; it was easily removed. 

PENKSTLVANIA. 

Test No. 207; No. 4- — The coal contained considerable free slate. 
Some clay occurred in layers about one-fourth inch thick. The coal 
burned freely, with a long, yellow flame; the small coal caked in the 
fire. A very light clinker of whitish-gray color formed over the 
grate; it was easily removed, owing to the presence of clay and slate. 
Automatic air admission was operated. 

Test No. 208 J No. 4- — The coal burned with a long, yellow flame; 
the small coal caked badly. The fuel bed required much attention. 
A light, fragile, porous clinker of a light-gray color formed on the 
grate; it was easily removed. Automatic air admission was not 
operated. 

Test No. 209; No. 4- — The coal burned with a long yellow flame; 
the fine coal caked badly. The fuel bed required much attention. 
A liglit, fragile clinker of a light-gray color formed on the grate; it 
was easily removed. Automatic air admission was operated. 

Test No. 286; No. 5. — The coal burned freely. Automatic air 
admission was not operated. The clLoker was porous, and was 
easily removed from the grate. 

Test No. 194; ^Vo. S (vxisJied). — The coal burned freely, with a 
long, bright flame. A gray, porous clinker, light in weight, formed 
over the grate; it was easily removed. Automatic air admission 
was operated. 

Test No. 195; No. 5 (wdsJied). — The fire was easily handled. 

Test No. 217; No. 6. — The coal burned rapidly, with a long, yellow 
flame, and caked. A layer of light, porous clinker of a light-gray 
color formed on the grate; it was easily removed. Automatic air 
admission was operated. 

Test No. 218; No. 6. — Free slate occurred in large quantity in 
layers. A small quantity of clay was present. The coal burned with 
a long, yellow flame. A little light clinker of light-gray color, and 
some free ash formed on the grate; they were easily removed. Auto- 
matic air admission was operated. 

Test No. SS3; No. 6 (briquets). — ^The briquets burned freely and 
slowly, with a short, white flame; they did not crumble. Auto- 
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matic air admission was operated. A thick layer of porous and 
brittle clinker formed on the grate; it was easily removed. The test 
was too short for reliable results. The briquets were broken in 
halves before firing. 

Test No. 198; No. 7. — ^The coal used on this test contained much 
slack; it burned slowly and caked in the fire. A light, porous clinker 
fonned on the grate; it was easily removed. Automatic air admis- 
aion was operated. 

Test No. S07; No. 7. — ^The coal burned with a short flame. Auto- 
matic air admission was operated. Large pieces of free white ash 
formed on the grate; they were easily removed. This coal was 
exposed to the weather four and one-half months before testing. 

Test No. 199; No. 7 {washed). — Gypsum and calcite were visible 
only in the ash and refuse. The coal burned with a long, yellow 
flame, and caked considerably in the fire, probably owing to the 
presence of small coal. The fuel bed required much attention. 
Light porous clinker and free ash of a Hght-gray color formed on the 
grate; they were easily removed. Automatic air admission was 
operated. 

Test No. 836; No. 8. — ^The coal burned with a short, white flame, 
and caked. A little light clinker of a light-gray color, and pieces of 
free ash formed on*the grate; they were easily removed. Automatic 
)ir admission was not operated. 

Test No. 237; No. 8. — ^The coal burned slowly, with a short, white 
lame, and caked. A light clinker of a Ught-gray color formed on 
he grate; it was easily removed. Automatic air admission was not 
)perated. 

Test No. 238; No. 8. — ^The coal burned slowly, with a short, white 
lame, and caked. The clinker was easily removed from the grate. 
The fuel bed required considerable attention. Automatic air admis- 
sion was not operated. 

Test No. 239; No. 8. — ^The coal burned slowly, with a short, white 
lame, and caked. The clinker was easily removed. Automatic air 
skdmission was not operated. 

Test No. 242; No. 8 (dried). — ^The coal burned slowly, with a short, 
p^hite flame, and caked. A light porous clinker formed on the grate; 
it was easily removed. Automatic air admission was operated, 
rhe coal was fired shortly after leaving the dryer. The temperature 
of the coal when fired was 170° F. 

Test No. 227; No. 10. — ^The coal burned freely, with a long, yellow 
Qame, and cracked in the fire. A small amount of heavy clinker of 
light-gray color formed on the grate; it was easily removed. Auto- 
matic air admission was operated. 

Test No. 228; No 10. — ^Thin layers of bright shiny coal alternated 
wdth a dull-brown substance. The coal was broken with difficulty. 
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It fractured irregularly; the broken pieces had sharp edges and points. 
It burned with a long, yellow flame and cracked in the fire. Heavy 
clinker of a light-gray color formed on the grate; it was easily re- 
moved. Automatic air admission was operated. 

Test No, 229; No. 10.— The coal burned freely, with a long, yellow 
flame, and cracked in the fire. A heavy clinker of light color formed 
on the grate; it was easily removed. Automatic air admission was 
operated. 

Test No. 472; No. 16. — ^The coal caked in the fire. Steam was used 
in the ash pit. Automatic air admission was not operated. The 
clinker adhered to the grate and was removed with difficulty. 

Test No. 47S; No. 16. — ^The coal burned with a short flame, and 
caked; it cracked in the fire. Steam was used in the ash pit. Auto- 
matic air admission was not operated. The fuel bed required con- 
siderable attention. 

Test No. 467; No. 16 (Jbriquets) . — ^The briquets burned with a short 
flame. Steam was used in the ash pit. Automatic air admission 
was not operated. A thin clinker of red and black color formed 
on the grate, and was removed with difficulty on accoimt of the bad 
condition of the grate bars. The clinker impeded the air supply. 

Test No. 468; No. 16 (briquets). — ^The briquets burned slowly, with 
a medium length flame. Automatic air admission was not operated. 
A heavy, brittle clinker of grayish color formed on the grate; it was 
easily removed. 

Test No. 471; No. 16.— The coal caked in the fire. The fuel bed 
required considerable attention. Steam was used in the ash pit five 
hours before cleaning. Automatic air admission was not operated. 
A grayish, porous clinker formed on the grate; it was easily removed. 

Test No. 4^6; No. 17. — ^The coal burned with a short flame, and 
caked. The fuel bed required frequent attention. Automatic air 
admission was not operated. A light, porous clinker of a very dark 
color formed on the grate, but was easily broken up and removed. 

Test No. 606; No. 17.— The coal caked in the fire. The fuel bed 
required much attention. Automatic air admission was not oper- 
ated. The clinker was easily removed. 

Test No. 499; No. 18 (briquets). — ^The briquets burned freely and 
did not crumble in the fire. The furnace was very hot. Automatic 
air admission was not operated. The fire was easily handled. 

Test No. 615; No. 18 (briquets). — ^The coal burned with a short 
flame. Automatic air admission was not operated. The fire was 
easily handled. 

Test No. 498; No. 19. — ^The coal burned v^ith a short flame. Auto- 
matic air admission was not operated. A porous clinker formed on 
the grate; it was easily removed. The fire was easily handled. 
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Test No. 508; No. 19 (briquets). — ^Automatic air admissoin was not 
operated. The fire was raked frequently to break up the briquets. 
The clinker was easily removed. 

Test No. 612; No. 20 {washed briquets). — ^Automatic air admission 
was not operated. The briquets held together well in the fire. The 
fire was easily handled. 

Test No. 614; No. 20 (briquets). — ^Automatic air admission was not 
operated. The furnace was very hot. The fire was easily handled. 

Test No. 610; No. 22 (briquets). — ^Automatic air admission was not 
operated. The fire was easily handled. 

BHODE ISLAND. 

Test No. 401; No. 1. — ^The coal burned slowly, with a short, bluish 
flame. It became hot and fused together, cutting off the air supply 
through the grate. Hooking the fire helped slightly. Small pieces 
of coal burned more completely than large ones. About f-inch coal 
would be the best size for steaming purposes. Large pieces bum 
only on the surface, because the ash fuses and adheres to the coal, thus 
insulating the inner portion. Low capacity was developed, owing 
to the fact that high enough draft could not be obtained with the fan 
blower. In order to develop the rated capacity, a draft of 3 to 4 
inches of water would be necessary. A rocking grate would be prefer- 
able to a flat grate. Pressure was used in the ash pit. Automatic 
air admission was not operated. The furnace temperature was too 
W to be read by the Wanner optical pyrometer. 

TENNESSEE. 

Test No. 344/ No. 1. — Sulphur balls occurred in the coal in small 
quantity. Thin layers of slate were present. The coal burned freely. 
Automatic air admission was operated. A fragile, porous clinker light 
in weight and of a dark grayish-red color formed over the grate; it 
^as easily removed. 

Test No. 346; No. 1. — ^The coal burned freely, with a long flame. 
Automatic air admission was operated. A light, porous clinker 
formed on the grate; it was easily removed. 

Test No. 346; No. 1. — ^Lumps of slate were present in the coal. 
The coal burned freely, with a long flame. The fiire was easily han- 
dled. Automatic air admission was operated. The clinker was 
easily removed. 

Test No. 411; No. 1 (washed briquets). — The briquets held together 
well in the fire and burned with a long flame. Automatic air admis- 
sion was not operated. The fire was easily handled. The test was 
too short for reliable results. 

Test No. 409; No. 1 (washed briquets). — ^The briquets held together 
well in the fire and burned with a long flame; they were broken in 
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halves before firing. Automatic air admission was not operated. A 
small amount of brown clinker formed on the grate; it was easily 
removed. The flue-gas temperature was questionable. 

Teat No. S67; No, 2. — ^The coal contained some lumps of heavy, 
reddish substance^ probably iron oxide. It burned very freely, with 
a long flame, and cracked in the fire. Steam was used in the ash pit. 
Automatic air admission was not operated. The furnace doois were 
cracked after each firing. A loose, light clinker of reddish-brown color 
formed on the grate; it was easily removed. The combustion wall 
fell during the test. The test was run to obtain high capacity. 

Test No. S68; No. 2. — ^The coal burned freely, with a long flame, 
and cracked in the fire. Automatic air admission was not operated. 
Steam was used in the ash pit two hours before cleaning the fire. The 
furnace doors were cracked two minutes after each firing. A loose, 
porous clinker of reddish-brown color formed on the grate; it was 
easily removed. The combustion wall was down during the entire 
test. 

Teat No. S69; No. 2. — ^The coal burned freely. Automatic air 
admission was not operated. A light, brittle, porous clinker of 
reddish-brown color formed on the grate; it was easily removed. 

Teat No. S49; No. 3. — The coal burned freely, with a long flame. 
Steam was used in the ash pit after 11 a. m. Automatic air admis- 
sion was operated. A solid clinker formed over the grate; it was 
easily broken up and removed. Flaming in the hood was noticed at 
firing intervals for about one hour. 

Test No, 350; No, 3. — The coal contained considerable quantities 
of slate and bono coal. It burned freely, with a long flame. Steam 
was used in the ash pit. Automatic air admission was operated. A 
thin layer of solid and fragile clinker formed on the grate; it was 
easily removed, owing to the presence of a large amount of slate. 
The test was run to obtain high capacity. 

Test No, 355; No, 4. — The coal burned freely, with a long flame. 
One vane of the automatic air admission was left open continuously. 
A very light and porous clinker formed on the grate; it was easily 
removed. The combustion wall was partly down during the test. 

Test No, 356; No, I^. — Small quantities of slate and flake sulphur 
were distributed through the coal. The coal burned freely, with a 
long flame. Automatic air admission was operated. A loose clinker 
formed on the grate; it was easily removed. The test was run to 
obtain high capacity. 

Test No. 405; No, 4 (briquets), — The briquets did not crumble in 
the fire and burned with a long flame; they were broken in halves 
before firing. Automatic air admission was not operated. The fire 
was easily handled. 
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Test No. SSS; No. S. — Sulphur was present in the coal in consider- 
able quantity. Some slate was visible. The coal was small and very 
wet. It burned rapidly, with a long flame. The clinker was very 
brittle and porous and was* easily removed from the grate. Auto- 
matic air admission was operated. 

Test No. S67; No. 6. — ^The coal contained small quantities of slate 
and fire clay, also a few pieces of pyrites. It burned freely, with a 
long flame. Steam was used in the ash pit. Automatic air admission 
was operated. A layer of reddish-brown, solid, heavy clinker formed 
oa the grate; it was easily broken up and removed. 

Test No. S58; No. 6, — The coal burned freely, with a long flame. 
Steam was used in the ash pit. Automatic air admission was oper- 
ated. A layer of clinker formed over the grate; it was easily broken 
up and removed. The test was run to obtain high capacity. 

Test No. S79; No. 6. — The coal contained a considerable quantity 
of lump slate; it burned with a short flame, and caked. One-quarter 
of the observations of furnace temperature were too low to be read 
by the Wanner optical pyrometer; the average of the furnace tempera- 
ture was not representative of the test. Steam was used in the ash 
pit for one hour before cleaning. Automatic air admission was oper- 
ated. A dark, porous clinker formed on the grate ; at the first cleaning 
it was removed with difficulty ; at the second cleaning it was easily 
removed. A new mixing wall was in the combustion chamber. 

Test No. S81; No. 6. — Seventeen out of twenty-seven observations 
of furnace temperature were too low to be read by the Wanner optical 
pyrometer; the average is not representative of the test. The coal 
burned with a medium length flame. The fuel bed required consid- 
erable attention. Automatic air admission was operated. A Ught, 
porous clinker of brown color adhered sUghtly to the grate. 

Test No. 37 2; No. 7 A, — ^A considerable quantity of slate and iron 
pyrites in lumps was present in the coal. The coal was of medium 
hardness and contained some bone coal. It burned rapidly, with a 
long flame, and caked. The furnace doors were cracked for a short 
interval after each firing. Automatic air admission was not operated. 
The clinker was easily broken up and removed. 

Test No. 37 S; No. 7 A. — ^The coal burned very rapidly, with a long 
flame, and cracked in the fire. Automatic air admission was not 
operated. The furnace doors were cracked after each firing. The 
fire was easily handled. The test was run to obtain high capacity. 
Test No. 374; No. 7 A. — ^The coal burned rapidly, with a long 
flame, and caked. Automatic air admission was not operated. A 
dark, porous clinker formed on the grate; it was easily removed. 

Test No. 406: No. 7B (washed briquets). — ^The briquets held together 
well in the fire and burned with a long flame. They were broken in 
halves before firing. Automatic air admission was not operated. A 
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small amount of reddish-brown clinker formed on the grate; it was 
easily removed. Very Uttle smoke was made. 

Test No. S84; Nos. 8 A and 8B, — ^The coal contained slate, sulphur, 
and gypsum in large quantities. It caked, probably due to the pres- 
ence of small coal. Automatic air admission was operated. A black, 
thin, and nonporous clmker adhered somewhat to the grate. 

Test No. 385; Nos. 8 A and 5J5.— The coal caked in the fire. Most 
of the combustion took place before the gases left the mixing walls. 
Automatic air admission was not operated. A black, thin, and non- 
porous clinker adhered somewhat to the grate. Pressure was used 
in the ash pit. The moisture in the steam was estimated. 

Test No. 388; Nos. 8 A and 8B (washed). — ^The coal burned quickly, 
with a long yellow flame, and caked. Automatic air admission was 
not operated. The fire doors were cracked one and one-half minutes 
after each firing. A thin layer of soUd, heavy, plastic clinker formed 
on the grate; it was easily removed. Flue-gas analysis was 
questionable. 

Test No. 363; No. 9A. — ^The coal did not appear to have been 
formed in layers; it crumbled easily without showing any planes of 
cleavage. Sulphur occurred in small quantity and in thin layers 
attached to the coal. Some slate was present. The coal burned 
with a long flame, and caked. Automatic air admission was not 
operated. A loose clinker formed on the grate; it was easily removed. 
Furnace doors were cracked continuously. 

Test No. 364; No. 9 A. — ^The coal burned with a long flame, and 
caked. Automatic air admission was not operated. A sUghtly plas- 
tic clinker, Ught in color, formed on the grate; it was easily removed. 
The furnace doors were cracked for one minute after each firing. 

Test No. 365; No. 9 A. — The coal burned with a long flame, -and 
caked. Automatic air admission was not operated. The clinker 
was brittle and sUghtly porous and was easily removed from the 
grate. 

Test No. 393; No. 9B (wasTied briquets). — ^The briquets were hard 
and did not break when dropped from a height of 15 feet on the brick 
pavement. All briquets were fired whole except the first two carloads, 
which were broken in halves; they swelled up in the fire and gradu- 
ally cracked into small pieces, burning freely and quickly with a 
long white flame. The fire was easily handled. Automatic air adnaisr 
sion was not operated. A thin layer of sohd and heavy clinker, of a 
Kght-brown color, formed on the grate; it was removed without 
much difiiculty. 

Test No. 407; No. 10 {washed hriquets). — One-third of the observa- 
tions of furnace temperature were too low to be read by the Wanner 
optical pyrometer; the average is not representative of the test. 
The briquets were broken in halves before firing; they did not cruin- 
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ble in the fire and burned with a long flame. The test was too short 
for reUable results. Automatic air admission was not operated. 

Test No. 4O8; No. 10 {washed briquets). — ^The briquets did not 
crumble in the fire and burned with a long flame. Automatic air 
admission was not operated. The flue-gas temperature is question- 
able. The test was too short for reUable results. 

TEXAS. 

Test No. 291; No. 4- — ^The coal burned freely, with a short flame. 
Automatic air admission was not operated. A light, white, free ash 
formed on the grate; it was easily removed. Forced draft was used. 

Test No. 298; No. 4- — ^The coal burned with a long flame; the cUnker 
was very porous. Automatic air admission was not operated. 

Test No. SOS; No. 4. — ^The coal burned freely, with a long flame; 
it crumbled into dust in the fire. Automatic air admission was not 
operated. Large pieces of heavy clinker formed on the grate; they 
were easily removed. The test was too short for reUable results. 

UTAH. 

Test No. 402; No. 2 (hriquets) . — ^The briquets held together well in 
the fire; they were broken in halves before firing. Automatic air 
admission was not operated. The fire was easily handled. 

Test No. 40s ; No. 2 {briquets) . — ^The briquets held together well in 
the fire. Automatic air admission was not operated. The fire was 
easily handled. The test was too short for reliable results. 

Test No. 404^' No. 2 {briquets). — ^The briquets burned freely, with 
a medium length flame, and crumbled badly in the fire. Automatic 
air admission was not operated. The fire was easily handled. Nearly 
one-half of the furnace temperature readings were too low to be 
recorded by the Wanner optical pyrometer. 

VIEGINIA. 

Test No. 281; No. 1. — ^The coal burned with a long flame. The 
clinker was porous. Automatic air admission was operated. 

Test No. 282; No. 1. — ^The coal burned rapidly, with a long flame; 
the fine coal caked. The clinker was porous and easily removed; it 
contained much burned slate. Automatic air admission was not 
operated. 

Test No. 247; No. 2. — ^The coal contained a small quantity of 
slate. Thin layers of shiny black coal alternated with a dull black 
substance. The coal fractured giving irregular sharp edges; it burned 
freely with a long flame, and cracked in the fire. Free ash and a 
very little clinker formed on the grate; it was easily removed. Auto- 
matic air admission was operated. Steam was used in the ash pit. 
99133°— BuJJ. 2^—12 IZ 
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Test No. 251; No. 2. — ^The coal burned freely, with a long flame, 
and cracked in the fire. Free aah and a very little porous clinker 
formed on the grate; they were easily removed. Automatic air ad- 
mission was operated. 

Test No. 266; No. 2. — Sulphur occurred in the coal in thin layers. 
The coal burned with a long flame, and caked. A light porous 
chnker formed on the grate; it was easily removed. Automatic air 
admission was operated. 

Test No. 260; No. 2 {washed). — ^The coal burned freely, with a long 
flame. A dark, porous clinker formed on the grate; it was easily 
removed. Automatic air admission was operated. 

Test No. 280; No. S. — ^Automatic air admission was not operated. 
The cUnker and refuse were easily removed from the furnace. 

Test No. 28S; No. S. — ^A thin soUd clinker adhered to the grate. 
Automatic air admission was operated. 

Test No. 24O; No. 4- — ^The coal contained a small quantity of slate 
in thin layers adhering to the coal. A large quantity of bone coal 
was present. Thin layers of bright coal, with metaUic luster, alte^ 
nated with a dull black substance. The coal fractured irr^ularly, 
forming sharp edges. It burned freely. A thin layer of heavy 
cUnker fused into the grate and was difficult to remove. Steam was 
used in the ash pit. Automatic air admission was operated. 

Test No. 248; No. 4- — The coal contained a small quantity of slate. 
It burned freely, with a long flame, and cracked in the fire. Auto- 
matic air admission was operated. Steam was used in the ash pit. 
A thin layer of very heavy clinker formed on the grate; it was easily 
removed. One hundred and seventy-five pounds of Umestone was 
spread over the grate immediately after starting the test, to prevent 
clinker from fusing into the grate as it did in test No. 240. The per 
cent of clinker in the refuse was not determinable. 

Test No. 254; No. 4- — ^The coal contained small quantities of slate, 
gypsum, and calcite. It burned with a long, yellow flame. Auto- 
matic air admission was operated. A heavy, red cUnker formed on 
the grate; it was easily removed. Two hundred and eleven pounds 
of Umestone were spread on the grate at the start of the test, to pre- 
vent cUnker from fusing into the grate as it did in test No. 240. 

Test No. 476; No. 5 A. — ^The coal burned better with a high draft. 
The fuel bed required considerable attention. Considerable porous 
ash formed on the grate. Automatic air admission was not operated. 
Forced draft was used for about two hours. 

Test No. 482; No. 6 A. — ^The coal burned rapidly and freely. The 
fire was easily handled. Automatic air admission was not operated. 
A large amount of loose cUnker formed on the grate; it was easily 
removed. Forced draft was used. 

Test No. 494f No. 5B Qyriquets). — ^Automatic air admission was not 
operated. The cUnker was easily removed from the furnace. 
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Test No. 607; No. 6.— The coal caked in the fire. The fuel bed 
required much attention. Steam was used in the ash pit. Auto- 
matic air admission was not operated. The clinker was easily re- 
moved. Forced draft was used. 

WASHINGTON. 

Test No. 290; No. IB. — ^The coal biuned freely, with a short flame. 
Automatic air admission was operated. A light, white free ash 
formed on the grate; it was easily removed. 

Test No. S69; No. 2. — ^The coal was rather hard; thin layers of 
bright black coal alternated with layers of a dull black substance. 
The fuel fractured most easily in planes at right angles to the layers 
of structure. Other fractures were rough and irregular. Sulphur 
occurred as iron pyrites in small quantities in thin layers well distrib- 
uted. Slate was present in large quantities in thick layers adhering 
to the coal. Gypsum and calcite occinred in small quantity in thin, 
somewhat transparent flakes. Bituminous shale was visible in large 
quantity in thick layers {\ to 1 inch) adhering to the coal; the shale 
had the appearance of gray sandstone. The coal contained an occa- 
sional Ugnitic layer. It burned freely, with a long flame, and 
cracked in the fire. The gas analysis was taken on one-half of the 
test only, and was assumed to represent the whole test. Automatic 
air admission was not operated. A thick layer of Ught, porous cUnker 
of light-gray color formed on the grate; it was easily removed. The 
ftimace doors were cracked for a short interval after each firing. 

Test No. S60; No, 2. — The coal burned freely and cracked in the 
fire. Steam was used in the ash pit. Automatic air admission was 
Hot operated. A thick layer of clinker, brown in color, formed on 
the grate; it was easily broken up and removed. The flue-gas 
temperature was estimated for the heat balance. 

Test No. S61; No. 2. — ^The coal burned with a medium-length flame 
and caked. A brittle clinker of brown color formed on the grate; 
it was easily removed. 

Test No. 412; No. 2 (hriquets). — ^The briquets held together well in 
the fire and burned rapidly. The small briquets burned better and 
with a hotter fire than the large ones. Automatic air admission 
was not opetated. A small amount of heavy, brittle, slightly porous 
clinker of reddish-brown color formed on the grate. The moisture 
in the steam was estimated. 

WEST VIBOINIA. 

Test No. 179; No. IS. — The coal contained a small quantity of free 
date; it was granular in structure with occasional layers. It burned 
rapidly and caked. A thin layer of loose clinker, dark in color, 
formed on the grate; it was easily removed. Automatic air admission 
was operated. 
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Test No. 180; No, IS.— The coal caked in the fire. Very little 
clinker was formed on the grate; it was easily removed. Automatic 
air admission was operated. 

Test No. 178; No. H. — The coal burned rapidly and caked in the 
fire. Steam was used in the ash pit during the afternoon. The 
clinker was easily removed during the first cleaning; in the second 
cleaning it adhered to the grate and was difficult to remove. Auto- 
matic air admission was operated. 

Test No. 181; No. 14- — The coal burned rapidly and caked. When 
the test was started 290 pounds of crushed limestone was spread over 
the grate to prevent the clinker from melting into it as it did on test 
178. Free ash formed on the grate; it was easily removed. The 
percentage of clinker in the refuse was not determinable. Automatic 
air admission was operated. 

Test No. 214; ^o. 15. — The coal burned slowly. A thick layer of 
heavy, dark-gray clinker fused to the grate; it was removed with > 
difficulty. Automatic air admission was operated. 

Test No. 216; No. 15. — Sulphur occurred in the coal in thin layers, 
well distributed. A small quantity of slate was present. The coal 
caked in the fire. A thick layer of heavy, dark-gray clinker formed 
on the grate; it was easily removed. Steam was used in the ash pit. 
Automatic air admission was operated. 

Test No. 216; No. 15. — The coal burned rapidly and caked. A 
thick layer of heavy, dark-gray clinker formed on the grate; it was 
easily removed. Automatic air admission was operated. Forced 
draft was used. 

Test No. 304; No. 16A.— The coal burned freely, with a long, 
yellow flame. Automatic air admission was not operated. The 
fire doors were cracked after each firing. A thin layer of black, 
heavy clinker formed on the grate. 

Test No. 305; No. 16 A. — The coal burned freely, with a long flame. 
Automatic air admission was operated. A thin layer of solid, dark, 
heavy clinker formed on the grate; it was easily removed. 

Test No. 225; No. 17. — The coal burned rather slowly, with a short, 
white flame, and caked. The fuel bed required much attention. A 
tliick layer of heavy clinker of a light-gray color formed on the grate; 
it was easily removed. Automatic air admission was operated. 

Test No. 226; No. 17. — The coal was easily broken; when fractured 
it showed small irregular crystalline grains. It burned with a short, 
white flame and caked. The fuel bed required much attention. A 
heavy clinker of a light-gray color formed on the grate; it was easily 
removed. Automatic air admission was operated. 

Test No. 230; No. 17 (washed) .—The coal burned slowly. A thin 
layer of solid, heavy clinker formed on the grate; it was easily removed. 
Automatic air admission was operated. 
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Test No. 261; No. 18. — The coal burned freely, and cracked in the 
fire. Clinker formed on the grate ; it was easily removed. Automatic 
air admission was operated. 

Test No. 262; No. 18. — ^The fire was easily handled. Automatic air 
admission was operated. 

Test No. 285; No. 19. — The coal caked in the fire. Automatic air 
admission was not operated. A thin layer of solid, heavy plastic 
clinker formed on the grate; it was easily removed. • , 

Test No. 289; No. 19. — The coal burned slowly and caked. Steam 
was used in the ash pit. Automatic air admission was not operated. 
A thin layer of dark, heavy, solid clinker formed on the grate; it was 
easily removed. 

Test No. SSI; No. 19 (brigpiets). — The briquets burned freely and 
quickly, with a short flame, and did not crumble in the fire; they 
were broken in halves before firing. Automatic air admission was 
not operated. A thin layer of solid, heavy clinker, of dark-brown 
color, formed on the grate; it was easily removed. The test was too 
short for reliable results. 

Test No. 272; No. 20. — Slate and bone coal were somewhat preva- 
lent in the coal; some clay was visible. The coal burned freely, with a 
long, yellow flame. A light, porous clinker formed on the grate; it 
was easily removed. Autonlatic air admission was operated. 

Test No. 27S; No. 20. — ^The coal burned freely, with a long, yellow 
flame. A light, porous clinker, white in color, formed on the grate; 
it was easily removed, owing to the presence of slate. Automatic 
air admission was operated. 

Test No. 264; ^o. 20 (wasTied). — ^The fire was easily handled. 
Automatic air admission was operated. 

Test No. 266; No. 20 {vxtsTied). — ^The fire was easily handled. 
Automatic air admission was operated. 

Test No. 274; No. 21 . — ^The coal burned very freely. The fire was 
easily handled. Automatic air admission was operated. 

Test No. 275; No. 21.— The fire was easily handled. 

Test No. 296; No. 21. — ^The coal burned freely and cracked in the 
fire. The fire was easily handled. Automatic air admission was 
operated. 

Test No. 267; No. 21 (washed).— The coal burned freely. The fire 
was easily handled. Automatic air admission was operated. 

Test No. 446; No. 22A. — ^The coal burned rapidly with a short 
flame. The fuel bed required considerable attention. Automatic 
air admission was operated. The test was run to obtain high capacity. 
Clinker formed on the grate in lumps; it was easily removed. 

Test No. 4J^7; No. 22 A. — ^The coal burned with a short flame and 
caked. The fuel bed required considerable attention. Automatic 
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air admission was operated. The clinker was easily removed from 
the furnace. 

Test Xo. 454; Xo. 22 A (washed). — ^The coal caked in the fire. The 
fuel bed required considerable attention. Automatic air admission 
was operated. A small quantity of brittle, porous clinker formed on 
the grate; it was easily removed. 

Test Xo. 438; Xo. 22B. — ^The coal burned with a bright flame. 
The fire was easily handled. Automatic air admission was operated. 

Test Xo. 439; Xo. 23A. — ^The coal had a bright luster similar to 
anthracite. It contained a large amount of slate and a small quantity 
of iron pyrites. It burned rapidly with a medium flame and caked. 
The lower fire doors were cracked throughout the test. Automatic 
air admission was operated. A thin layer of soUd clinker of medium 
weight formed over the grate and adhered to the side walls; it was 
removed with some difficulty. 

Test No. 440 ; Xo. 23 A. — ^The coal burned quickly with a medium- 
length flame and caked. Automatic air admission was operated. 
A solid clinker of grayish-brown color formed on the grate; it was 
broken up with difficulty, but was easily removed. 

Test No. 444; No. 23B {vxished). — ^The coal burned with a long 
flame and caked. The fuel bed required considerable attention. 
Automatic air admission was operated. A thin, tough, dark-brown, 
solid clinker, impeding the air supply, formed on the grate and was 
removed with difficulty. 

Test No. 445; No. 23B {wasTied).—Th& coal burned quickly with 
a bright flame and caked. The fuel bed required considerable at- 
tention. Automatic air admission was operated. In the first clean- 
ing a tliick, brittle clinker formed on the grate; it was easily removed. 
In the second cleaning a thin layer of clinker of dark-brown color 
adhered to the grate; it was removed with difficulty. 

WTOMING. 

Teat No. 196; No. 2B. — Slate appeared in large quantity, adlle^ 
ing to the coal. The coal burned with a short, white flame. Light, 
free ash, white in color, formed on the grate; it was easily removed. 
Automatic air admission was operated. 

Test No. 210; No. 2B. — ^A large quantity of slate appeared in the 
coal in tliin layers, adhering to the coal. The coal fractiu*ed irregu- 
larly ; it burned quickly and caked in the fire. A light, white free 
ash formed on the grate. Automatic air admission was operated. 

Test No. 213; No. ;?jB.— The fire was easily handled. Automatic 
air admission was not operated. A very light ash, of light color, 
formed on the grate. The test was run to obtain high capacity. 

Test No. 211; No. 3. — ^A large quantity of sulphur occurred in 
thick layers, adhering to the coal. Much gypsimx and caldte were 
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present in large transparent flakes. A large quantity of slate occurred 
in thin layers, alternating with layers of coal. Some clay was 
visible. Tlie coal burned with a short, white flame and cracked in 
the fire. A heavy dark-gray clinker adhered slightly to the grate. 
Automatic air admission was operated. The test was made to obtain 
maximum efficiency. 

Test No. 212; No. S. — ^The coal burned with a short white flame. 
The cUnker was heavy and of a dark-gray color. During the first 
part of the test loose clinker formed on the grate, and was easily 
removed; during the latter part of the test clinker adhered to the 
grate, and was hard to remove. Automatic air admission was not 
operated. 

Test No. 223; No. S {was7ied).—The coal burned freely, with a 
short, white flame, and cracked in the fire. A thin layer of dark, 
heavy clinker formed on the grate; it was easily removed on first 
cleaning. On second cleaning it adhered somewhat to the grate. 
Automatic air admission was not operated. Steam was used in the 
ash pit. The combustion chamber temperature on this test was 
taken by placing a D-shaped body against the inside wall of the 
combustion chamber. The temperature readings were too low. 

Test No. 399; No. 4- — ^The coal was not stratified and contained a 
Httle gypsum. It burned freely when the fire was thin. Automatic 
air admission was not operated. The fire was easily handled. 

Test No. 400; No. 6. — ^The coal contained some gypsum and small 
amounts of dirt and slate. It crumbled badly. The fire was easily 
handled. Automatic air admission was not operated. A small 
quantity of porous clinker formed on the grate. 

Test No. 4^9; No. 6 (Jbriquets). — ^The briquets held together in the 
fire; they burned slowly with a short flame. The fire was easily 
handled. Automatic air admission was not operated. A 5-inch 
fire gave much better results than a 12-inch fire. The moisture in 
the steam was estimated. 

ABGENTINA. 

Test No. 4^1; No. 1. — ^The coal burned poorly. The fuel bed re- 
quired frequent attention. Automatic air admission was not oper- 
ated. The fire was cleaned by raking out lumps of clinker. Forced 
draft was used. 

Test No. 4^8; No. 1 (washed). — One-quarter of the observations 
of furnace temperature were too low to be read by the Wanner optical 
pyrometer. The average is not representative of the test. The 
coal burned quickly. Automatic air admission was not operated. 
A thick, porous, and brittle cHnker formed on the grate and fused 
with the coal; it was easily removed. Forced draft was used. 
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Test No. 486; No, 1 dwashed briquets). — ^The briquets burned slowly 
and did not break down in the fire. Automatic air admission was 
not operated. The refuse and coal formed large lumps in the fur- 
nace that were broken up with difficulty. Forced draft was used. 
The test was too short for reUable results. 



Test No. 172; No. 1. — A small quantity of sulphur in large balls and 
thick layers occurred in the coal. Gypsum and calcite were present 
in thin, opaque flakes. Much slate occurred in thick layers, adhering 
to the coal. The coal burned very freely, with a short, white flame, 
and crumbled in the fire. Light, white, free ash formed on the grate; 
it was easily removed. Automatic air admission was not operated. 

Test No. 17S; No. 1. — The coal burned freely with a short, white 
flame, and crumbled in the fire. Large pieces of light, white, free ash 
formed on the grate; they were easily removed. Automatic air ad- 
mission was not operated. Forced draft was used. 

nXED COALS. 

Test No. S48. — Small quantities of sulphur and slate were visible 
in the coal. The coal burned freely and slowly, with a long, yellow 
flame. Automatic air admission was operated. The clinker was 
solid, heavy, and plastic in the fire. In the first cleaning a thick 
layer of loose clinker formed on the grate; it was easily removed. In 
the second cleaning, plastic clinker fused over the grate and was re- 
moved with difliculty. 

Test No. S47. — The coal burned freely, with a long flame, although 
the presence of snow retarded its quick ignition. Automatic air ad- 
mission was operated. A fragile clinker, dark in color, formed over 
the grate; it was easily removed. The test was run to obtain high 
capacity. 

Test No. 35 1. — The coal burned freely and slowly with a long 
flame. Automatic air admission was operated. A thick layer of 
loose, light, porous clinker formed on the gate; it was easily removed* 
The test was run to obtain high capacity. 

Test No. 362. — One-third of the observations of furnace tempera- 
ture were too low to be read by the Wanner optical pyrometer; the 
average is not representative of the test. The coal burned freely 
and slowly with a long flame. The furnace doors were cracked for 
two minutes after each firing. Automatic air admission was not 
operated. A thick layer of plastic and somewhat porous clinker 
formed on the grate; it was easily removed. 

Test No. 366. — The coal burned so quickly that it was necessary 
to fire by the spreading method. Steam was used in the ash pit 
just before cleaning. Automatic air admission was not operated. 
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The furnace doors were cracked for one and one-half minutes after 
each firing. A heavy, plastic clinker formed on the grate; it was 
easily removed. The test was too short for reliable results. 

Test No, S70, — The coal burned with a short flame and caked. 
Automatic air admission was not operated. A black, porous, plastic 
clinker formed on the grate; it was easily removed. The test was 
too short for reliable results. 

Ted No. S7L — ^The coal burned with a short flame and caked. 
Automatic air admission was not operated. A black, plastic clinker 
fonned on the grate; it was easily removed. The furnace tempera- 
ture was too low to be read by the Wanner optical pyrometer. The 
combustion chamber was a faint red at all times. The test was too 
abort for reliable results. 

PENNSYLVANIA AND VIBGINLl. 

Test No. 2Ji5; one-third Pennsylvania No, 8 dried and 'two^Mrds 
Virginia No. 4- — Gypsum, calcite, and bone coal occurred in the coal 
in small quantities. A little slate was present. The coal burned 
with a long, yellow flame and caked. A solid clinker formed over 
the grate; it was easily removed. Automatic air admission was 
operated. The boiler was fired only two hours before starting the 
test. 

UTAH AND RHODE ISLAND. 

Test No. 4H (briquets), — One-quarter of the observations of fur- 
nace temperature were too low to be read by the Wanner optical 
pyrometer; the average is not representative of the test. The 
briquets did not crumble in the fire and burned with a short flame. 
Automatic air admission was not operated. A heavy layer of plastic 
clinker formed on the grate; it was broken with some difficulty. 

Test No. 416 (jbriguets). — The briquets did not crumble in the fire 
find burned with a short flame. Automatic air admission was not 
operated. A heavy layer of plastic clinker formed on the grate; it 
^as broken with some difficulty. Forced draft was used. 

Test No. 416 Qyriquets). — The briquets crumbled in the fire, did 
not cake, and burned with a long flame. Automatic air admission 
Was not operated. A large amount of free ash formed on the grate; 
it was easily removed. Forced draft was used. 

SPECIAL TESTS. 
ILLINOIS. 

Test No. 600 (CoUinsviUe), — The coal burned with a long flame and 
caked. Automatic air admission was not operated. A solid, plastic 
clinker formed over the grate; it was removed with some difficulty. 
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Tlie avera^ thickness of the mcandescent fuel bed was about 3 
inches. 

Te^ Ao. 501 (CollinstiUf). — The coal burned with a long flame. 
Automatic air admission was not operated. The average thickness 
of the incandescent fuel bed was about 3 inches. The fire was 
easily handled. 

Test Xo, 502 (ConinsiHU). — Forced draft was necessary to keep 
tlie fire hot after clinker formed. Automatic air admission was not 
operat<ed. The fire required frequent cleaning. 

Test Xo. 50S (CoIIinsvUlf). — ^The lower furnace doors were cracked 
continuously. Automatic air admission was not operated. The 
fire required frequent cleaning. The load was very uniform. 

Test Xo. 504 (Colli nsviU^). — ^The furnace doors were cracked con- 
tinuously. Automatic air admission was not operated. The aver- 
age tliickness of the incandescent fuel bed was about 3 inches. The 
fire was easily handled. 

TV^^ Xo. 505 iCoJlin^nUe). — ^Automatic air admission was not 
operated. Tlie furnace was very hot. The fire was easily handled. 
The average tliickness of the incandescent fuel bed was about 3 
inches. Forceil draft was used. 

Test Xo. 517 (CoUinsviUe). — ^Automatic air admission was not 
operated. Tlie fire required frequent cleaning. 

WASHEBT BBTUSB. 

Test Xo. 479. — Automatic air admission was not operated. A 
brittle clinker formed on the grate; it was easily removed. The fire 
was cleaned every hour. Forced draft was used. 



MIXED COIX. 

Test Xo. 519. — The average thickness of the incandescent fuel bed 
was 5 inches. Automatic air admission was not operated. The 
fire was easily handled. Forced draft was used. 
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PART II. 

STUDY AND DISCUSSION OF STEAMING TESTS MADE 

AT THE FUEL-TESTING PLANT. 

INTRODUCTION. 

The steaming tests described in the first part of this bulletin com- 
prise without doubt the largest number of boiler trials with com- 
plete series of observations ever made with one type of boiler imder 
practically similar conditions. These features make the tests pecul- 
iarly fitted for analytical study and for comparison of results. Of 
course when any such comparisons are madC; each test must be 
examined in detail as to the conditions imder which it was conducted 
and the character of the coal. In determining what tests may be 
used in any comparison, a great deal depends on the basis on which 
the comparison is to be made. 

The authors' familiarity with the details of the tests renders them 
particularly well fitted to make comparisons of the results of the tests 
and to draw deductions. Therefore they have made a study of the 
tests. In this study they have made nimierous comparisons and 
arrived at some rational conclusions. Their methods of study and 
the conclusions which they draw are presented as a part of this bulle- 
tin, in the belief that they will prove of value to the practical steam 
engineer. The reader should keep constantly in mind that the con- 
clusions are mostly drawn from the results of the tests that were 
made with a hand-fired furnace, and that they apply directly to 
similar hand-fired furnaces. When appUed to other furnaces some 
modifications are necessary, although the fundamental principles 
imderlying these deductions hold true for all furnaces. 

PARTS OF A STEAM-GENERATING APPARATUS, THEIR 

FUNCTIONS AND EFFICIENCIES. 

A steam-generating apparatus is a device in which the heat devel- 
oped by the combustion of any fuel is utiUzed to evaporate water 
contained in a closed metaUic vessel called the boiler. The eflfec- 
tiveness or the eflBlciency of the steam-generating apparatus is meas- 
ured by the ratio of the heat that is absorbed in heating and evapo- 
rating the water to the total heating value of the fuel delivered 
to the apparatus. The heating value of the fuel is computed from 
a determination in a bomb calorimeter. The ratio of the heat ab- 



194 STEAMINQ TESTS OF COALS. 

sorbed by the boiler to the heat contained in the fuel delivered to the 
apparatus is called the over-all efficiency of the steam-generating 
apparatus, and is the item in which the user of the apparatus, or the 
man who pays the coal bill, is most interested. The student of 
steaming tests, however, is not satisfied with such general informa- 
tion, and if this over-all efficiency is low he analyzes the data and the 
results of the test and endeavors to ascertain which part of the appa- 
ratus is to be blamed for poor economic results. He therefore sepa- 
rates the apparatus into its component parts and studies the func- 
tions of each apart from the others. 

THE FXJBNACE AND BOILBB. 

Any steam-generating apparatus consists essentially of two parts— 
the furnace and the boiler. Each of these two parts has definite 
functions, which it performs with a certain completeness or efficiency. 
The functions of the two parts are very different in character; that 
of the furnace is to Uberate the potential energy of the fuel and that of 
the boiler to absorb the heat which the furnace has liberated. The 
furnace is the heat generator and the boUer the heat absorber. 
According to these statements the furnace can be defined as the part 
(or parts) of the steam-generating apparatus that changes the poten- 
tial energy of the fuel into heat. Thus the grate or stoker, the com- 
bustion space, the gas-mixing structure, or any other part of the appa- 
ratus that aids in the combustion of the fuel is a part of the furnace. 
The boiler is the iron vessel that contains the water and the steam, 
and absorbs the heat liberated by the furnace. The boiler can 
not receive any of the potential energy from the fuel unless this 
energy is first changed into heat. Therefore the efficiency of the 
steam-generating apparatus depends directly on how completely the 
furnace changes the i)otcntial energy of the fuel into heat; in other 
words, how completely the furnace burns the fuel. 

FUBNACE AND BOILER EFFICIENCIES. 

From the above statement of the function of the furnace, the furnace 
efficiency might be defined as the ratio of the heat developed in the 
furnace to the heat value of the fuel burned. This, however, would 
not be a logical definition of the furnace efficiency, as will be shown 
later, and therefore this ratio is called the percentage of completeness 
of combustion. 

Similarly the boiler efficiency might be defined as the ratio of the 
heat absorbed by the boiler to the heat evolved in the furnace. This 
definition, however, is not fair to the boiler, inasmuch as it does 
not give the ability of the boiler to absorb the heat, but merely shows 
how much of the heat developed in the furnace was utilized in making 
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steam. One may, therefore, call it the percentage of completeness 
of heat utilization. 

When the completeness of combustion and the completeness of 
heat utiUzation are multiplied together, both being expressed as 
percentages, the product is the over-all efficiency of the steam-gener- 
ating apparatus. 

After the heat has been liberated from the fuel it is contained 
partly in hot, burning fuel, but mostly in the gaseous products of 
combustion. From the hot fuel the heat is radiated to the boiler 
and to other surrounding colder objects. The gaseous products of 
Dombustion pass over the heating plates of the boiler and impart heat 
to them. Now, as heat flows from any hot body only to bodies at 
lower temperatures, the heating plates of the boiler can absorb only 
that part of the heat in the gases which is at higher temperature 
than the plates themselves. In other words, the boiler at the best 
can cool the gases only to its own temperatm'e. Inasmuch as boilers 
are operated at temperatures ranging from 325° to 425° F., and higher, 
a considerable quantity of the heat in the gases may be below the 
temperature of the boiler and therefore not available for absorption, ' 
reducing by the same amount the quantity of heat that the boiler 
can absorb. It is reasonable to expect that, when the quantity of 
heat available for the boiler is smaller, the latter will absorb propor- 
tionately a smaller quantity, and that consequently the over-all 
efficiency of the steam-generating apparatus will be lower. 

The quantity of heat that is not available for absorption on 
account of being below the temperature of the heating plates of the 
boiler increases directly with the weight of the products of combus- 
tion per pound of combustible, and this weight in turn increases 
almost directly with the air supply. The nature of the process 
of heat generation is such that part of the heat generated is neces- 
sarily below the temperature of the boiler plates ; however, this part 
of the unavailable heat should be made as small as practicable 
by reducing the air supply. It is apparent that if the boiler is to 
receive any of the heat stored in the coal this heat must be not only 
first developed in the furnace, but it must be delivered to the boiler 
at sufficiently high temperature to flow into the boiler plates. This 
latter requirement is another factor entering into the effectiveness of 
the furnace. Thus it can be seen that there are two factors governing 
the eflFectiveness or the efficiency of the furnace, namely, complete- 
ness of combustion and high temperature. We can have abso- 
lutely complete combustion, but if the weight of the products of com- 
bustion is so large that the resulting temperature is low the greater 
part of the heat may be below the temperature of the boiler and only 
a small quantity may be available for absorption. On the other hand, 
the air supply may be so reduced that a large part of the heat in the 
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fuel will not be developed and therefore will not be available for the 
boiler. Thus, although the quantity of heat below the temperature 
of the boiler is small, the total heat developed by the combustion is so 
reduced that only a comparatively small quantity of the potential 
heat in thiB coal is made available for the boiler, and therefore a pro- 
portionately smaller quantity is absorbed by it. It is difficult to 
define the efficiency of the furnace so that both of the factors may 
be correctly included and at the same time make the definition appli- 
cable to all steam pressures. 

Perhaps the furnace efficiency would be most logically defined as 
the ratio of the heat made available for the boUer to the potential 
heat in the fuel used up by the furnace. The heat available for the 
boiler is that portion of the heat in the gases that would have to 
be abstracted to bring their temperature down to the temperature 
of the steam in the boiler. The furnace efficiency just defined would 
never reach unity unless the fuel and the air necessary for combus- 
tion were delivered to the furnace at the temperature of the boiler 
water. Such an efficiency statement, however, indicates the relar 
tive effectiveness of the furnace with fair accuracy when the steam 
pressure is constant. With variable steam pressures the same fur- 
nace performance would be expressed by varying figures. 

A boiler efficiency corresponding to that of the furnace efficiency 
discussed in the preceding paragraph can be defined as the ratio of 
the heat absorbed by the boiler to the heat available for absorption. 
This boiler efficiency is the true measure of the capacity of the boiler 
to absorb heat. It has been defined in United States Geological 
Survey Bulletin No. 325 and in Bureau of Mines Bulletin No. 18, (in 
course of publication) and called the true boiler efficiency. The tnie 
boiler efficiency multiplied by the furnace efficiency gives the over-all 
efficiency of the steam-generating apparatus. 

The furnace may be further subdivided into its parts and the 
fimction and the efficiency of each of the parts separately defined. 
Thus we can resolve the furnace into the grate and the combustion 
space. 

The grate is the metallic structure supporting the fuel bed. Its 
function, besides the holding of the fuel bed, seems to be to gasify the 
combustible of trie fuel either by complete or partial combustion and 
to allow the ashes to fall through after the combustible has been 
burned from the fuel. The efficiency of the grate may be defined as 
the ratio of the heat of the combustible ascending into the com- 
bustion space, in whatever form, to the heat of the fuel fired upon the 
grate. The difference between these two heats is the heat value of 
the combustible that has fallen through the grate or has been removed 
with the clinkers through the furnace door. The combustible lost 
In the ashes or clinker reduces the efficiency of the grate. A grate 
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vith 100 per cent eflSiciency would be one that would allow the 
ushes to fall through without allowing any combustible to fall through 
^th them. 

The combustion space of a boiler furnace is all the space above 
Uie fuel bed and continues back of the bridge wall to the place where 
the gases enter the boiler; it includes the tile roof, ignition arches, 
and all the gas-mixing structures. Its function is to bum the com- 
bustible ascending from the grate in whatever form it may be. The 
gases leaving the fuel bed are rich in combustible gas, particularly in 
the case of the hand-fired furnace, as shown by the gas analyses on 
page 282, so that most of the combustion of the fuel occurs in the 
space after air has been added to the gases. The efficiency of the com- 
bustion space may be defined as the ratio of the heat made available 
for the boiler to the heat equivalent of the combustible ascending 
from the grate. 

Further subdivision of the fmnace and boiler parts and the defining 
of their efficiency would have hardly any practical or scientific value. 
The following efficiencies have been defined: 
(a) Over-all efficiency of the steam-generating apparatus = 

Heat absorbed by the boiler 



Heat value of coal fired upon the grate 

(i) Percentage of completeness of combustion = 

Heat developed in the furnace 
Heat value of coal fired upon the grate 

(c) Percentage of completeness of heat utilization = 

Heat absorbed by the boiler 
Heat developed in the furnace 

(d) Furnace efficiency = 

Heat made available for absorption by the boiler 
Heat value of coal fired upon the grate 

(e) Efficiency of grate = 

Heat value of combustible ascending from the grate 
Heat value of coal fired upon the grate 

(/) Efficiency of combustion space = 

Heat made available for absorption by the boiler 
Heat value of combustible ascending from the grate 

(g) True boiler efficiency = 

Heat absorbed by the boiler 

Heat available for absorption by the boiler 



la 
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Of these six ratios, those given under (a), (d), and (g) are perhaps 
the most important. Only those given under (a) and (e) can be 
obtained accurately; the others can be found only approximately. 
By multiplying or dividing these ratios various combinations can be 
obtained; thus 

(d) = Wx(f); 

(a) = (e)x(f)X(£); 

(a) = (6)x(c); 

The last ratio is given in Table 4, in columns 80 and 81, where it j 
is denoted as efRciency of the boiler. This notation has been given j 
to it in accordance with the code of the American Society of Mechani- / 
cal Engineers, although in reality it is the combined efficiency of the fc 
combustion space and the boiler. The ratio under (a), which hwir 
been called the over-all efficiency of the steam-generating appara- 
tus, is given in column 82 of Table 4, where it is denoted as efficiency 
of boiler, including grate. The efficiency of the grate can be obtained K 
by dividing column 82 by column 81. For most of the tests the ^, 
other efficiencies above defined can be computed approximately 
from analyses of the flue gas and the coal, the heat value of the coal 
burned, the total heat absorbed by the boiler, and the temperature 
of the flue gases. 

RELATIONS OF TEHT DATA TO RESULTS OF TESTS. 

This chapter is partly a study of the relations between the observed 
test data themselves, but mostly a study of the computed economic 
results as afTected by the variation of the more important data. 
The study is chiefly made by means of curves made by platting the 
averages of one set of observations against some other set of obser- 
vations or against the computed results. In some charts the aver- 
ages of the individual tests are platted directly, but in most cases 
these averages are classified in groups and the average of the whole 
group is i)latted against similar averages of some other data of the 
group. The discussion and charts are intended to show general ] 
relations to which, of course, there are necessarily some exceptions. 
However, it is perhaps the establishment of these general relations 
that has the most permanent value for the practical engineer. j 

The capacity and the efficiency are the most important items of j 
steaming tests, because they are the measure of the output and the 
economy of a steaming apparatus. Naturally one's first questions 
are: How much work can a certain device do? and. At what cost 
does the device do the work ? Therefore, the study of the steaming 
tests centers about these two items — capacity and efficiency. Other 
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items are studied only with the object of obtaining information as 
to why the capacity or efficiency is high or low. If the causes of 
low results are known, these causes can be removed and the results 
improved. In a study of the present series of steaming tests one 
has these three questions to guide him: How much work is done? 
How well is it done ? and, Why is it done well or poorly ? 

EFFECT OF BATE OF COMHTTSTION ON RESULTS OF TESTS. 

EFFECT OF RATE OF COMBUSTION ON THE CAPACITY AND EFFICIENCY 

OF STEAM-GENERATING APPARATUS. 

It is an every-day experience that an increase in the rate of com- 
bustion increases the capacity of a boiler, although not quite in the 
same proportion, inasmuch as the efficiency of the steam-generating 
apparatus drops somewhat. That such relations should exist is 
obvious. When more coal is burned in the furnace, more heat is 
evolved and delivered to the boiler, and the latter absorbs a larger 
» quantity of heat. At the same time, however, when the combus- 
tion space is burning an increasing quantity of gaseous combustible, 
the percentage of completeness of combustion is becoming less. The 
boiler has also more heat to absorb, with the result that it does this 
somewhat less completely. For these reasons the efficiency of the 
steam-generating apparatus drops slightly when the rate of com- 
bustion increases. 

How the rate of combustion affects the capacity and the efficiency 
is shown in figure 17. 

In the preparation of this figure only tests made on boilers Nos. 1 

cuid 2 were used, inasmuch as these two boilers were very nearly alike 

and the conditions under which the tests were made were the same. 

The tests were classified into groups according to rate of combustion. 

Thus the tests with a rate of combustion between 14 and 15 pounds 

per hour were all put into one group, tests with a rate of combustion 

l>etween 15 and 16 pounds per, hour into another group, and so on 

\intil the entire range of rate of combustion was covered. The 

capacities and the efficiencies of each group were averaged and these 

averages (arithmetic) were platted against the rate of combustion 

that each group represented. Through the points thus obtained a 

smooth curve was drawn. The figures in the circles representing the 

capacity points indicate the number of tests contained in each group. 

The same method as here described was employed in the preparation 

of all other charts in which the tests are arranged in groups. 

The efficiency used in the compilation of this and most of the other 

charts in this bulletin is the combined efficiency of the combustion 

space and the boiler and not the over-all efficiency. It is the efficiency 

given in column 81 of Table 4, and does not take into account the 

99133**— Bull. 23—12 14 
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effect of the grate. In the code of the American Society of Mechuueel 
Engineers it is designated as the "efliciency of boiler." The reaeoa 
for selecting tliis value rather than the oTer-all efficiency given in 
column 82 ia that the two boilers were equipped with different gratffl, 
and therefore it was thought best to eliminate the effect of the grate 
when comparing eHiciency. 

Tlio upper curve of figure 17 sliows that the capacity rises as the 
rate of combustion increases, altlwugh not in the same proportion. 
Thus when the rate of combustion is 16 pounds per homr the capecitj 






SQUlItB FOOT OF QRATC BOHTACS. 

,„^^ u. ^...ou^.JOD on tbe capacity and efflcleacT ol it""* 
'9 the effect on capacity and cuirv No. 3 abovs tbe eSrcl "• 

is about 82 per cent, and when tlie rate of combustion is 24 pounds 
por liour the capacity is 105 per cent, whereas it would bo 123 pef 
cent if it increased in proportion to the rate of combustion. The 
failure of the capacity to keep up with the rate of combustion is not 
due entirely to tlie drop in efficiency of the apparatus. As shown in 
the lower curve, the same increase in the rate of combustion causes the 
efficiency to drop from 70 to 65.4 per cent, or only about 4.5 per cent, 
which is not sufficient to account for the shortage in the capacitT- 
Undoubtedly the main cause of the capacity not being more nearly 
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proportional to the rate of combustion ia the fact that coals of high 
heating value are usually high in iixed carbon, and on that account 
are slow burning. Therefore these coab predominate at the left of the 
chart, whereas the low-grade western coals, which bum very quickly, 
predominate at the right of the chart. This fact may also cause the 
efficiency curve to drop more with the rate of combustion than it 
would if all the tests were made with the same coal. As su^ested 
at the outset of this discussion, the drop in efficiency at the right of 
figure 17 is due to two causes, namely, incomplete combustion of the 
combustible in the combustion space, and incomplete heat absorption 
by the boiler. These two causes are discussed more fully in connec- 
tion with figures 37, 38, 39, 40, and 44, and also under the headings 
on the fundamental principles of combustion and of heat transmission. 



FiouBE 18.— Curve showing tlie effect of rate of cairibnatlon on tbe temperalure Id 



Figure 18 has been prepared from the same groups of tests as 
figure 17, to show the effect of rate of combustion on the tempera- 
ture in the rear of the combustion chamber. The temperature was 
measured near the point where the products of combxistion enter the 
space among the tubes of the boiler. It would aeem that the tile 
roof of the furnace prevents the abstraction of heat from the gases 
before the latter reach this point and that their temperature at this 
point should be the initial temperature resulting from the combustion 
of the fuel. If such were the case the temperature in the rear of the 
combustion chamber would depend only on the air supply, the heat 
value of the fuel, and the specific heat of the products of combuatiflo.'. 
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FiQURE 18.— Ciirvea showing the eflect of rale o( oombiutloD do' Pounds of dry 
o("oonil)UBULlo"(No. !);fluB-gM lanipflraturB (No. 2); beat loaa In dry 
u)d unuio(>uiit«d-li>r losses (No. 3); brat loss In dry otalmnef gases <No. 4); i 
«ounled-torlosse8(No. fiJ;bratlgHlaCO(Ni}.a). 



RELATIONS OF TEST DATA TO RESULTS OF TESTS. 208 

in other words, it would vary only with the air supply and the nature 
of the coal. However, numerous observations of the temperature 
have shown that the latter varies considerably with the rate of com- 
bustion. Figure 18 also shows that the combustion-chamber tem- 
perature rises decidedly with the increasing rate of combustion, not- 
^thstanding the fact that the better coals may predominate at the 
left of the figure, which would tend to raise the temperature at the 
low rates of combustion. 

Although the furnace roof is made of tiles of fire clay, a material 
that is a poor conductor of heat, the path of the products of combus- 
tion along the roof is so long that considerable heat is abstracted 
from the gases by the tile roof before they reach the tubes of the 
boiler. Now, since the good coals are high in fixed carbon they 
bum almost completely on the grate, so that, although the temper- 
ature of the products of combustion near the grate may be high, 
by the time the gases reach the rear of the combustion chamber their 
temperature is reduced considerably by the abstraction of heat by 
the tile roof. On the other hand, most of the low-grade coals are 
high in volatile combustible, which bums in the combustion space 
after it has left the fuel bed, so that the combustion is completed 
farther away from the grate and nearer to the combustion chamber. 
On account of the shorter path of the gases to the place where the 
temperature is measured less heat is abstracted from them, and 
consequently their temperature is higher when they pass among the 
boiler tubes. It is obvious that, since at higher rates of combustion 
more volatile combustible is distilled from the fuel bed and has to be 
burnt in the combustion space, the point of complete combustion 
moves nearer the rear of the combustion chamber and raises the tem- 
perature at that point. Complete combustion here does not mean the 
absolute oxidation of all the combustible, as this is really never 
attained; it means rather the conditions following the very active 
combustion resulting from the admixture of air with the volatile 
combustible. The rate of combustion may be so increased that very 
active combustion of the volatile matter may take place in the rear 
of the combustion chamber, in which case the temperature at that 
place would be at its maximum. If the rate of combustion was stiQ 
further increased some of the volatile combustible would pass out of 
the furnace unbumt. Thus we can see why, in general, the com- 
bustion-chamber temperature rises when the rate of combustion 
increases. 

EFFECT OF RATE OF COMBUSTION ON AIR SUPPLY, FLUE-GAS TEMPER- 
ATURE, AND THE ITEMS OF THE HEAT BALANCE. 

Figure 19 has been prepared in the attempt to find the causes of 
the efficiency drop shown in figure 17. The figure shows the effect 
of the rate of combination on the weight of air used in burning the 
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fuel, tlie flue-gas temperature, and the three most important heat 
losses in the heat balance. This figure was prepared in the same way 
and the same tests were used as in the preparation of figure 17. The 
showing of figure 1 9 is not definite, due undoubtedly to the fact that 
the coals tested were of very different characters. Then, too, the 
range of the rate of combustion is not wide enough to make the effects 
apparent. The failure of this figure emphasizes the fact that when 
it is desired to investigate the effect of one factor the tests should be 
so selected as to eliminate other variables. The following statement 
can be made, however, in connection with this figure: 

Curve No. 1 shows that as the rate of combustion increases the 
weight of air used to bum 1 pound of combustible remains neariy 
constant, or, if anything, it decreases a little. This decrease is prob- 
ably due to the fact that with higher rates of combustion the air 
leakage into the setting is less in proportion to the air entering the 
furnace through the burning fuel bed. At the left of the curve coals 
predominate which were hard to bum and consequently high drafts 
Iiad to bo carried, which naturally tended to increase the leakage. 

Curve No. 2 shows that as the rate of combustion increases the flue- 
gas temperature drops at first and then rises. The rise in the tem- 
perature at the right of the curve may be accounted for by the rise 
in the combustion-chamber temperature as shown in figure 18. There 
does not seem to be any satisfactory explanation for the drop at the 
left of the curve. Any speculation on this point would be of doubtful 
value, inasmuch as the whole range of the flue-gas temperature is only 
about 50° F. 

Curve No. 4 shows that as the rate of combustion increases the heat 
loss in the dry chimney gases at first drops slowly about 2 per cent 
and then rises somewhat f tister. The drop at the left of the curve is 
obviously caused by the decreasing air supply and the flue-gas tem- 
perature as shown by curves Nos. 1 and 2, respectively. The rise at 
the right of the curve is due to the rising flue-gas temperature. 

Curve No. 5 shows that the '^ unaccounted-for '^ rises with the rate 
of combustion, but that the rise is small and therefore not decisive. 
The unaccounted-for contains the heat lost in the escape of the 
unburnt hydrocarbons. When the rate of combustion increases one 
would expect larger quantities of these hydrocarbons to escape uncon- 
sumed, and therefore the unaccounted-for heat loss to rise. 

Curve No. 6 shows that, in general, the heat loss due to the escape 
of unburnt CO increases with the rate of combustion. The increase 
in the heat loss due to this cause must, of course, be expected; when 
more work is required of the furnace the latter does not perform its 
functions with the same completeness as when operated at lower 
capacity, and hence the increased loss in CO. 
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' OP RATE OF HEAT EVOHmON ON CAPACITr AND EFFICIENOT. 

IS been stated in connection with figures 17, IS, and 19 that the 

>f the rate of combustion upon the T&rious items waa not defi- 

icauae the tests used in the compilation of those charts were 

in coals greatly varying in character. That is, tests made on 

aving a heat value of 15,000 B. t. u. per pound of dry coal were 

[ong with tests made on coals running only 11,000 B. t. u. per 

of dry coal. On account of these widely differing coals pre- 

iting in the various parts 

curves, the effect of the ^ 

combustion was lai^ely I 

;^ed. To eliminate this 6 "• 

on the same tests were | 

ed into groups on the ■ 

f the rate of heat evolu- g ^ 

the furnace. The arith- | 

averages of the results 3 

' some of the data of | m 

x)up were obtained and 3 

L against the rate of heat £ . 

on. The curves thus |S „ 

3d are given in figures * 

and 22. The classifica- b 

the tests on the basis of S 

at presumably evolved a 

lOW approximately the § 

iffects as the classifica- | .„ 

. the rate of combustion 

. made with coals having h,(uu nm or «bati buuub I'U bodb 

ae heating value. The fiqdbb 20.-Curvas showing tHe effect of rate of heat 
■eSUmably evolved was evoluUononthacapBdtyandef 

IS the heat value of the 
stible ascending from the grate, and was figured as indicated 
following equation in which the column numbers refers to 
1: 
1 presumably evolved per square foot of grate area per 

Column 54 X column S 



aUrxg apparatus. Testa made on iHiilerH Nch. 1 



Area of grate in square feet 

re 20 is similar to figiu-e 17. The increase of the capacity with 
e of heat evolution is more prominent than it is shown to be 
le rate of combustion. The efficiency curve drops at about the 
ate as it does in figure 17, and the drop can be ascribed to the 
wo causes, namely, less complete combustion, of tual wo-i Vaea 
te absorption of the heat evolved. 
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EFFECT OF RATE OF HEAT ETOLUTIOM ON OOMBUSTIOK-CHAMBEE 
TEHPEBATUSB. 

Figure 21 sliows the effect of the rate of heat erolution on the coiu- 
bustion-chamber temperature; it is similar to figure 18. On com- 
paring the two figures it can be Been that the combustion-chambei 
temperature rises somewhat more rapidly with tjie rate of heat evolu- 
tion than with the mere rate of combustion. This more rapid rise in 



FtciDBEZl.— Curve stiovlng the effect or rat«ol heat evolutloa on the oombuitloD-chaiiiber tcmperatiM 
Testa made oa boUeis Noa. 1 and 2. 

the temperature ia due to the fact that the inequaUty of the heating 
value of the coals has been eliminated, so that the coals low in heat 
value can not lower the points at the right of the figin-e. 

In most of the coals low heating value is caused by the presence of 
a large quantity of ash and other n on combustible matter. If all the 
coals were reduced to combustible which is really available for burn- 
ing, the heating values of 1 pound of each of such combustibles would 
be much closer together than those of the dry coals. ClassL&cationa 
based on the rate of combustion of such combustible would show 
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nearly the same effect on the results as the rate of heat evolution. 
[t may be said that in general the quantity of heat evolved in tlie 
umace is directly dependent on the quantity of such real combusti- 
)le biuned. This relation is the main reason why the combustion- 
hamber temperature rises when the quantity of the lieat evolved 
Qcreases. As stated in connection with figure 18, when the amount 
•f combustible to be burned increases, the point of complete combus- 
ion recedes to the rear of the combustion chamber, and thus increases 
he temperature at that place. 

IFFECT OF RATE OF HEAT EVOLUTION ON THE AIB SUPPLY, FLUE-GAS 
TEMPEBATUBE, AND rFEMS OF THE HEAT BALANCE. 

Figure 22 is similar to figure 19. In the preparation of tliis figure 
ihe same tests were used as in figures 17, 19, and 20. The grouping 
)i the tests was done on the basis of the rate of heat evolution. 

In general, the effect of the rate of heat evolution upon the items 
nvestigated is much more apparent than is the effect of the rate of 
jombustion upon the same items. As previously stated, tlxis more 
3iarked effect of the rate of heat evolution is due to the elimination 
3f the influence of the difference of the heat values of coals. 

Curve No. 1 shows that as the rate of heat evolution increases the 
weight of the chimney gases per pound of combustible decreases at 
first, but when the rate of heat evolution is about 25,000 B. t. u. the 
weight of gases becomes constant at sUghtly less than 20 pounds. It 
is difficult to explain why the air supply should be high at the low 
rates of heat evolution. The large supply of air shown at the left of 
the curve is one cause of the low combustion-chamber temperature 
shown in figure 21. 

Curve No. 2 indicates that the flue-gas temperature rises as the rate 
of heat evolution increases. This rise in the flue-gas temperature can 
l)e explained by the fact that the combustion-chamber temperature 
rises, as shown in figure 21. The fact that the flue-gas and the com- 
hustion-chamber temperatures rise and fall together is a well-proved 
Illation and is more fully explained in the section on * Principles 
involved in heat transmission into steam boilers." 

Curve No. 4 shows how the rate of heat evolution affects the loss of 
ieat in the dry chimney gases. The high heat loss in the dry chimney 
;ases shown at the left of the curve is obviously due to the large air 
Upply shown by curve No. 1, and the high heat loss at the right is 
aused by the high flue-gas temperature shown by curve No. 2. 

Curve No. 5 shows that the unaccounted-for item in the heat balance 
ticreases steadily with the rate of heat evolution. It has been stated 
hat the quantity of heat evolved is nearly proportional to the quan- 
ity of the real combustible burned, so that a higher rate of heat evolu- 
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FiouBK 22.— Curves Bhowlng the eOect of rata oF heat evolution on: Pounds of dry chlnuiar gun p> 
paaud of "oombusllble" (No. 1); Que-eas t«mp«ralure |No. 2): beat loss In dry obluuuy guai pb 
tuiBccounted-fi>i losses (No. 3); heal loss In dry chimney gases (No. 4); ntdlaUon and luuoomutsM 
lo93ea<Xo.G)l heat loss Is CO |No. C). IlDat lasses are eipreraed as percCDlaeesot the total heat oitt 
"Oan)bustible"aueudIng[ram the grate. TeiUmadeoabolleraNos.1aiidZ. 
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:i is the result of a higher rate of burning of combustible. When 
•■ combustible is burned at higher rates its combustion is less com- 
te. Therefore the rise of the unaccounted for at the right of the 
TO can be ascribed to the loss by incomplete combustion. 
5urve No. 6 indicates that within the range investigated the rate of 
kt evolution has but little effect on the heat loss due to unbumed 
• Generally this heat loss is small and varies considerably with 
i character of the coal, so that the effect of the rate of heat evolution 
it may have been neutralized by changes in the character of coal. 
!)urve No. 3 gives the heat loss in the dry chimney gases and the 
iccounted-f or loss combined. The showing of the curve is a steady 
rease of the combined loss when the rate of heat evolution in- 
ases. This increase in the combined loss is nearly equal to the 
>p in the boiler efficiency curve as shown in figure 20. 

mCT OF RATE OF COMBUSTION ON CAPACTTY AND EFFICIENCY WHEN 
THE NATURE OF THE COAL REMAINS NEARLY CONSTANT. 

Phe object of preparing the last six figures discussed was to study 
i effect of the rate of working of the furnace and the boiler upon the 
nomic results. In the preparation of figures 17, 18, and 19 the 
uping of tests was on the basis of the rate of burning diy coal, inas- 
ch as the rate of working the steam-generating apparatus depends 
3ctly, although not entirely, on how fast the coal is fired. The 
ection to these figures and their indications is that all tests made 
boilers Nos. 1 and 2 were used in their compilation regardless of the 
.ting value and the nature of the coal. Great variations in the 
.ting value and the nature of the coal may add to or neutralize the 
ict of the rate of combustion; for that reason the indication of the 
ee charts above named is not definite. The grouping of figures 20, 
and 22 is based on the presumed heat evolution, and therefore the 
ict of varying heat value is eliminated from their indication; how- 
r, the effect of the nature of the coal remains, and the figures are 
tn to objection on that accoimt. To reduce the latter effect 75 
jS, made with Illinois coals on boilers Nos. 1 and 2, were grouped on 
basis of the "combustible" consumed per hour and figures 23 and 
were platted. The two fiigures were prepared in the same manner 
Sgures 17 and 19, or as figures 20 and 22, and show similar rela- 
is. It is known that the combustible bases of coals coming from 
I field have approximately the same heating values, and as the 
lire of the c6als is nearly the same, the effect of these two variables 
ihe last two figures is negligible. 

t may be noticed in figure 23 that the points lie much closer to 

smooth curves passed through them than in previous figures. 

3 figure brings out much more definitely what has been indicated 

figures 17 and 20. When the rate of combustion increaaea feo^L 
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<)IHI i)<nin<l» to 900 pounds of combustible per hour, the capadt 
rises from 82 to 1 1 1 per cent, whereas it Bhould rise to 123 per cent i 
tlio capacity were directly proportional to the rate of combustbi 
Tiio cajiacity actually obtained is 12 per cent of the boiler's ratin, 

123" 



COMDUSnBLE CONSUMED PBE HOUB.'POUHDS. 



FiouBE 23.— Curves showing tbe etTectoIrate of oombusthm on (tspadtr and efflnlmi; whan tbe MM 
vuluoancl thsnalum of the "combustible" reinalii nearl; oonataut. TettsmadeoalllliiotacosIiiolF- 

capacity. For the same increase in the rate of combustion thi 
efficiency drops from 67.5 to61 per cent, which is ^;:^=9.7p6rceiito( 

itself. The drop in the eiHciency fully accounts for the shortage in 
the capacity at the higher rates of combustion. It has been alreuif 
stated that the cause of the drop in the efficiency is less compleM 
combustion of the fuel by the furnace and less complete absorption i»l 
the heat. This t&ci is brought out rather definitely by figure 24. 
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COMBTSTIBLE O 
U*X 24.— Carre* ihowJng the etteet at then 
aiuido["eombQatlbl«"(No.i); flufr«Batenipenniie(No.2); e 
BBtl(ie»lndryohlniiiBjgaaes(ND.4); rB<llaUonaiiauniioi>oiuit»il-lorloB»Ba(No.S); li»itlo69lnCO(No.i 



212 STEAMINQ TESTS OF COAUB. 

Curve No. 1 of figure 24 shows that as the rate of combustion 
increases the air supply dimiiushee. Generally speaking, the reduc- 
tion in air supply will cause lees complete combustion. 

( 'un'o No, 2 shon-s that the flue-gas temperature rises rapidly when 
the rate of combustion increases. Although a greater part of tbeiise 
of the flue-gaa temperature may be justly attributed to the rise in the 
conibuation-chambpr temperature shown by curve No. 3, an appre- 
ciable part of tho rise is the result of less complete absorption of heat 
by tho boiler. Tliat this is the cause is shown by the general slopeof 
curve No. 4; this curve indicates that the loss of heat in the diy 
chimney gases increases witli 
the rate of combustion at 
J though tho weight of Chs 

I gases per pound of combustiUe 

b decreases. 

II Curve No. 5 shows that tiw 

i unaccounted-for losses increase 

g as the rate of combustion in- 

I areaaes. The two principil 

^ losses constituting this Urn 

are the radiation and the in- 
complete combustion of hydro- 
f, carbons which may exist in 

g ^ the flue gases either as gases, 

is liquids, or solids. With cod- 

g ° stant boiler pressure the radi»- 

2 1 tion from the boiler and set 

1 5 ting is nearly a constant quiii- 

e i tity of heat, so that the radit- 

B I ^ "" ™' "" tion loss decreases in percent 

e COHBiraTIBLl COHemED PEH'EIDUB, POCWM: ^, . 

'^ age when the capacity ift- 

Fra™25.-cnrv«,sho>rtngti«eff«toi«taotoom. greases. Therefore only th» 

huatlon an oapoclty and BlBclency when the heatlnj ,■' 

vnlueonil the nature of (he coat nmiilDaiiarEy constant. leSS Complete COmbustlOn CU 
T^lamBdeonlndlanacoalsonly. explahl the rfsO in CUrve No.S. 

Tlie conclusion arrived at in the last paragraph does not seem to Ix 
supported by curve No. 6, which shows that in general with the 
investigated the heat loss due to unbumed CO decreases as the raW 
of combustion increases. It would seem that the incompleteness w 
combustion would be indicated by the presence of CO, or, in oth* 
words, that the incompleteness of combustion would be proportioi* 
to the CO loss, but evidently tho rule does not hold in all cases. B 
seems that as soon as one attempts to formulate any general ni 
numerous exceptions or modifications appear. 

To further investigate the effect of the rate of combustion whentl* 
heat value and the nature of the coal remain nearly constant, t«sa 
made with Indiana coa\s weie gtoxr^eA aacording to the rate of 
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timmi 20.— Curves thonliig tha effect or tbe rata otoambusUon on: Pau 
pound ol "oombuatlble" (No. 1); flue-caa tempeiature (No. 2); com) 
(No a);b«BtliMBln<lr70hlniiiBygaBe9CNo. 4]; rodlaUon and uiutccountai 
CO(N«.a). T«(tsmadBOD Indiana goBla only 



214 STEAMING TESTS OF COALS. 

bustion, and figures 25 and 26 were prepared. These two figures 
show the same relations for Indiana coals as figures 23 and 24 for 
Illinois coals. 

An examination of figure 25 shows that the rise in capacity is more 
nearly proportional to the rate of combustion, and that the eflBciency 
does not drop as much as shown in figure 23 for Illinois coals. The 
last two points of figure 25 should not be given much weight, inas- 
much as each represents only one test. 

The curves of figure 26 show several features that deserve to be 
mentioned. 

Curve No. 1 shows that as the rate of combustion increases the air 
supply drops more rapidly and reaches lower limits with Indiana coal 
than it did with Illinois. This feature may account for the fact that 
the efficiency with the Indiana coal drops very little with the increase 
in the rate of combustion. Smaller air supply may have caused more 
heat to be available for the boiler, with the result that the latter 
absorbed nearly the same percentage of the heat of the combustible 
ascending from the grate. 

The above reasoning seems to be supported by the indication of 
curve No. 4, which shows that notwithstanding the fact that the 
flue-gas temperature rises with the rate of combustion, the air supply 
drops so low that the heat carried away with the flue gas becomes 
less at the higher rate of combustion. 

Curves Nos. 5 and 6 indicate less complete combustion at the right 
of the figure. 

The apparent (lifl*erence in the results of tests made on the Illinois 
and tlio Indiana coals is more likely due to the method of making 
the tests than to the slight difl'erence in the nature of the two coals. 

The various curves given in the last ten figures show that when the 
steam-generating apparatus is run at liigher rates of working its effi- 
ciency drops somewhat, and tliat tliis drop in eflficiency is due to less 
complete combustion of tlie combustible and less complete absorp- 
tion of the heat available for the boiler. The physical and chemical 
reasons for tliese lessened efl'ects are given with more detail in the 
two sections entitled "Principles involved in heat transmission into 
steam boilers^' (pp. 340 to 361) and "Principles involved in the 
combustion of coal in boiler furnaces'' (pp. 330 to 340). 

COMPOSITION OF THE PRODUCTS OP COMBUSTION AND ITS 
EFFECT ON THE ECONOMIC RESULTS. 

For all practical purposes the combustible of coals may be con- 
sidered to consist chiefly of carbon and hydrogen. When these two 
constituents burn completely with the oxygen of the air the products 
of the combustion are carbonic acid gas (COj) and water vapor 
(H^O). The amount of oxygen supphed to obtain practically com- 
plete combustion must always \)e 8oraewWX> va. ^^Q,e«s of the amount 
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theoretically needed to convert all the carbon to CO, and all hydro- 
gen of the combustible to H^O. The most economical excess of 
oxygen depends on the nature of the coal, the method of feeding it 
into the furnace, the facilities for mixing oxygen with the combusti- 
ble gases, and the extent of the combustion space. The oxygen sup- 
plied to the furnace is always accompanied by about four times its 
Volume of nitrogen (N,), which does not take any part in the combus- 
tion, but acts as a diluent. The gases leaving the furnace contain 
chiefly the following constituents: Carbonic acid gas (CO,), water 
vapor (H3O), free oxygen (O,), and nitrogen (N,). 

If the combustion is not complete, as is generally the case, carbon 
monoxide (CO), free hydrogen (H,), methane (CH^), and other hydro- 
[^arbons may be found in the furnace gases in quantities vaiying 
with the incompleteness of combustion. Besides these compoimds 
which are in the gaseous state, there may be combustible in the liquid 
or semiliquid state held in suspension as tiny tar globules. This lat- 
ter form of combustible, on account of not being a gas, can not be 
determined by the volumetric method of analysis. Again, some of 
those compounds which exist as gases at the furnace temperature may 
condense when they are cooled in the gas-sampling apparatus; these, 
too, can not be determined volumetrically. 

Usually the furnace gases are analyzed for CO,, O3, and CO. H3O 
condenses almost entirely in the gas-sampling apparatus. The deter- 
mination of Hji and CH^ is rather complex and requires considerable 
chemical skill and experience, and therefore it is seldom made. The 
combustible constituents are supposed to be in some proportion to 
the CO in the flue gas, and therefore CO is taken as an indication of 
incomplete combustion. Under ordinary conditions the percentage 
of CO and the other combustible gases is small; however, under bad 
conditions, or with the oxygen greatiy reduced, the combustible con- 
stituents may amount to several per cent. 

Within certain lixoits the percentage of CO2 and O, in the furnace 
gases depends entirely upon the air supply; the lai^er the air supply 
the higher is the percentage of O3 and the lower is the CO, content. 
This rule is true in so many cases that the percentage of CO, is taken 
as an indication of the air supply. 

BBLATTON OF THE COMPOSITION OF FURNACE GASES TO THEIR 

TEMPERATURE. 

The heat developed by the combustion of the fuel is mostly ab- 
sorbed by the furnace gases whose temperature is thereby raised. 
Of course when a fire is started in a cold furnace part of the heat 
generated is radiated to the cold furnace walls and is absorbed by 
them, but after the walls have been heated up, the gases are the 
principal heat absorbers. The temperature to which the ^^d&«^ ^\^ 

991S8*'''BuJJ. 23—12 15 
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raised depends upon the quantity of heat evolved, and on the wdght 
of the gases used or generated in the combustion. It is apparent, 
then, that with a given coal the temperature of the furnace gases 
depends on the air supply, that is, up to a certain limit beyond which 
the combustion of the coal becomes very incomplete and the tem- 
perature ceases to rise. The smaller the lur supply the higher wiU ba 
the temperature of the furnace gases. Since a high CO, content in 
the gases is, as a rule, the 
I J result of a small air supply, 

the higher the CO, percent- 
age the higher the temper- 
ature; and also, the higher 
the Oj, the lower the tem- 
perature. This relation is 
shown in figure 27. 
g The gas samples and 

R the temperatures were boA 

» taken in the rear of the 

combustion chambers of 
boilers Nos. 1 and 2. Ths 
gas samples were collected 
with the water-jacketed 
sampler shown in figure 73, 
and the tluration of collect* 
f ing the sample was 30 min- 

I utes. The figures in the 

e circles of the highest curve 

indicate liow many samples 
were averaged to obtain 
6 each point. The temperar 

I ture was taken with a 

E Wanner optical pyrometer 

■reiipriiAnnui m »e«n of eoMSomo!. oa.mni. • r. thrOUgh E 2-inch Opening in 

FrauRE 27,-Caryea bUowIiie (he rrlallon between the pw the side Wall. It should be 
centsEes of CO, O,, and CO, and combiHtJoiKhamber , j jl i il »■ 

leniperatare. The gaa samples end the lerapetatuna were remembered that the Optl- 

Ukpn In the rear ol the combustion chambera o( boDeri ^aJ pVrOmeter indicated 

Nus. I and 2 duiLigtrals 318 to 382, inclusive. , "^ , , ,, 

lower temperatures than 
actually existed, because when short-flaming coals were burned, or 
when the boiler was run at lower capacities little flame was visible, 
and the instrument was pointed at the side wall, which was naturally 
cooler than the gases. 

The lowest curve shows that as the free oxygen becomes less the 
percentage of CO increases, indicating that the combustion is leas 
complete. The highest curve shows a gradual decrease in the Orsat 
totals when the air supply decreases. Perhaps part of this drop in 
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ilie Orsat totals is due to the presence of hydrogen and hydrocarbons, 
but it is a question whether all of the drop can be accounted for on 
lihis basis. The decrease toward the right is partly accounted for by 
X)ndensation of some of the water formed by combustion, which 
ihiinkage becomes larger and lai^er as the air supply is cut down 
oward the right. 

QTFECT OF AIB SUPPLY AND THE CX)MPOSmON OF FLUE OASES ON THE 
EFFICIENCY OF THE STEAM-GENERATING APPARATUS. 

It has been stated on page 195 that the part of the heat in the 
iimace gases which is below the temperature of the boiler is not 
ivailable for absorption. Inasmuch as the temperature of any one 
ooiler is nearly constant, the heat not available for absorption 
increases directly with the weight of gases. Therefore, by burning 
the fuel with a smaller air supply the quantity of heat unavailable 
for absorption is reduced, and the heat which is available is increased 
by the same amount. When a larger quantity of heat is made avail- 
able for the boiler, the latter absorbs more of it and the over-all 
efficiency of the steam-generating apparatus is higher. If, however, 
the reduction of the air supply is carried too far the combustion may 
kecome so incomplete that a laige part of the heat in the fuel is not 
developed, in which case the heat available for absorption may 
l)ecome smaller, although the heat not available is reduced. Thus 
for every furnace, every coal, and every method of feeding the fuel 
into the funwice, there is some minimum value beyond which it does 
not pay to reduce the air supply. There are, perhaps, very few boilers 
operated dangerously close to this limiting value; the majority of 
ihem are operated with too large an excess of air. 

As previously stated, the most economical supply of air depends 
on the nature of the coal, the design of the furnace, the method of 
feeding the fuel, and perhaps on the rate of combustion. The most 
economic proportion of CO, in the furnace gases is from 10 to 15 per 
cent. 

To show how the air-supply and the flue-gas composition affect 
economy in steam generation, several figures are presented. These 
figures were prepared from the results of the tests made at the fuel- 
t^ting plant at St. Louis and also from those made at the University 
of Illinois engineering experiment station. The grouping of the tests 
is on several bases. 

fiPPEOT OP CARBON DIOXIDE IN FLUE GASES ON THE EFFICIENCY OF 

THE BOILER AND THE COMBUSTION SPACE. 

Figure 28 shows the effect of the percentage of COg on the combined 
sffidency of the boiler and the combustion space given in column 81 of 
Cable 4 and designated as " boiler efficiency." The percentage of CO3 
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is the amount ddtennined l^ the Oisat anatyas <rf the gosee collected 
at the base of the Btack. Hie amount of CO, in gases collect«d ht 
this point is perhaps 2 or 3 per cent lower than it is in the rear of tbe 
combustion chamber, due to leakage of air into the boiler setting. 
(See p. 290). In the compilation of this chart all tests made on 
boilers Nos. 1 and 2 were used. The teets were grouped on the baaa 
of the percentage of CO, in the flue gasee. The efficiencies given in 
the chart are arithmetic averages for each group. The curve shorn 
that the efficiency rises veiy rapidly as the per cent of CO, in the flue 
gases increases. This rise in effidencj, however, is probably not 

entirely due to a higher pe^ 
" f»nt8ge of CO,. Among tie 

groups of tests at the extreme 
^ left, those made on low-grade 

s H coals predominate, so that the 

I low efficiency may be partly 

I due to the chemical nature of 

g K ^s coal. This is the principal 

e objection against this figure. 

la BTTBCr OF OABBON UONOXIDI 

* S ' m TLUK OASES ON THE ETFI- 

'5 



OIENOT or THE BOILEE AND 
THE OOHBTTSTION SPACE. 



u Figure 29 has been compiled 

I to show the effect of CO in the 1 

S y. flue gases on the combined efH- j 

S ciency of the boiler and the j 
combustion space. In its prep- I 

u aration the same tests were 

co.iNFLusQAais.praciwT. used as in figure 28. The 

FioiriiKS8.-Curveshiiwlngthee(IectofCO,liitheflae grouping hsS been doue OE tte 
gasesoDthBComblnedflmcleQcyotthebollerandtliB jjagia of the percentage of CO 
combualloD space. TestimadeoDbolleiBNo(uluid2. . , n rwn • i 

m the nue gases, i he points 
and the curve drawn through them show a very rapid drop in effi- 
ciency as the per cent of CO increases. The indication of this figure 
may seem inconsistent with figures 27 and 28. Figure 28 shows 
that the efficiency increases when CO, increases, and figure 27 
shows that CO also increases with CO,, so that appareotiy the effi- 
ciency should rise when CO increases. The explanation for this 
apparent inconeistency may be this: Although as a rule CO in- 
creases when the air supply is reduced — that is, when CO, increases, 
the reduction of the general air supply may not be always the cause 
of high CO. The deficient air supply may be only loeal, due to poor 
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mditions of the fuel bed — that is, a large quantity of air may pass 
irough some parts of the fuel bed, vhile at other places the air sup- 
ly may bo very deficient, so that a large excess of air and incomplete 
>mbustion may occur at the same time. With coals forming lai^ 
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pieces of solid clinker on the grate such conditions are very probable. 
With auch coals it is always a question whether more heat is lost by 
frequent cleaning of the fires or by bad conditions of tiio fuel bed on 
Msoount of the formation of clinker. 
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Obviously, most of the teats &t the right of figure 29 were made 
wiUi coals that did not bum without clinkeriug. 

Tlie explanation just given is supported by the showing of figure 30. 
The latter has bpen prepared by grouping the teats made on boilers 
Nos. 1 and 2 on tlie basis of the combmed efficiency of the boiler and 
combustion s]>aco, and averaging each of the percentages of CO and 
VOf Tlie points at the left of the figure indicate a high excess of m 
and incomplete combustion at the same time. 



:>1CER ASD COMBUSnOH SPACB, PI 

FiGUBE 30.— Currea showing tt 
space to the percentages d[ ( 

EFFECT OF AIR StTPPL7 ON THE SESUI.TS OF TESTS WHENTHI 
NAITTBE OF THE COAL REUAINS BEABLT CONSTANT. 

The objection that can be rightly made against the indication of 
the last three figures is that in their preparation all tests made on 
boilers Nos. 1 and 2 were used, regardless of the nature of the coals. 
To eliminate this objection, figure 31 was prepared from tests maib 
on Illinois coals only. 

Inasmuch as all the combustible of the Illinois coals is nearly alike, 
tlie effect of the nature of the coal on the results of the tests is grealJy 
reduced. Figure 31 was prepared in the same manner as the pre- 
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3D«i 31.— CuTVN showing the flfl«ot Combustton-chamber tempefature (No. l); 

ttu-gu tsmperBtuTB (No. 2); capacity (No. J); combined efflclency of boiler and 

ombutlaa space (No. 1): COi In Sue gases (No. G)i beat Ion Id dry chbUH^ Easw (No. «): radiation 
Od unaccounted-for hesee (No. 7); heat loss In CO (No. S). 
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cedmg figures. The grouping of the teeta was done on the baas of 
the weight of the dry-chimney gasee per pound of combustible. The 
most important curve in tliia chart is Ko. 4. It showB tliat with the 
increase of the wdght of chimney gases from 16.5 to 27.5 pounds tte 
combined efficiency drops from about 68 to about 62 per cent, or 6 



COflJN FLUE GAfllB. P£ft CEtHL 
FiODBB 3!.— Curve abowlQ^ relation between tbe percentaga of COi la the flag gssgs and: Capadq 
developed by botler (No. 1); combined effldency of boUci and combiutkm epace (No. 2); oia-al 
efllcIeiiC70[st«am-genaatingappanitus(Na.3). Testa made wtth mnolB coals at the Pn lvera l t y of Ullaa 
engineertiiE Mcpertment Elation oa a Holiw boiler IDm those at the tagl4eslJag ptaat,bnt equ^ped will 
a CtiaiD.grste atoker. 

per cent; the capacity at the same time drops about 10 per cent 
The drop in the efficiency is about the same as shown in figure 28 foi 
the same drop in the percentage of CX), in the flue gases. Ilie two 
figures can be compared by means of curve No. 5 of figure 31. 

Curve No. 6 indicates a large increase in the heat loss in the diy- 
chimney gases as the air supply mcxftaaea. 
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Curves Nos. 7 and 8 drop as the air supply increases, indicating 
more complete combustion. 

To determine the effect of air supply on the efficiency when the 
furnace is equipped with a chain-grate stoker, figure 32 has been 
prepared from 64 tests made with Illinois coals at the University of 
niinois engmeering experiment station. The boiler on which the 
tests were made was exactly like those at the Government fuel- 
testing plant at St. Louis, but it was set up with a chain-grate 
mechanical stoker. The detailed description of the boiler and the 
tests is given in University of Illinois Bulletin No. 39. The efficiency 
platted in the figure is the American Society of Mechanical Engineers 
code items 72 and 73. 

Curve No. 2 shows that when the CO3 is increased from 7 to 12 per 
cent, which is about the range covered by figure 31, the efficiency of 
the boiler and combustion space rises from 69 to 68 per cent, or 
about 9 per cent, which is a little more than the rise shown in figure 31. 
Attention is called to the fact that the high efficiency points are 
about the same with both grates, but that the low points are about 
3 per cent lower with the chain grate than with the hand-fired furnace. 
It should be borne in mind, however, that the coals burned on the 
chain grate with low CO2 were small sizes, mostly below i inch, which 
fact may partly account for the low efficiencies. 

Figure 33 is similar to figure 31. It has been prepared from tests 
made on boilers Nos. 1 and 2 with Indiana coals only. 

Curve No. 4 shows that the variation of the efficiency with the air 
supply is very small. However, the range of the air supply covered 
is rather small. If the air supply were further increased the efficiency 
undoubtedly would drop faster than is shown by the curve. Accord- 
ing to the indication of the curve, the efficiency is not much affected 
whatever the proportion of COy may be, so long as it is between 8 and 
12 per cent. 

It will be noticed that curves Nos. 6 and 7 are nearly symmetrical 
with respect to the horizontal line of 14 per cait. Tlds means that 
when the chimney loss is increased the unaccounted-for loss is 
decreased by the same amount, so that the sum of the two is about 
the same and the efficiency remains also about the same; that is, 
by decreasing the air supply the heat loss is shifted from the column 
of chimney losses to the unaccoimted-for losses, the useful effect 
remaining the same. 

Curves Nos. 7 and 8 indicate an increase of incomplete combustion 
when the air supply is reduced. The conclusion that can be drawn 
from figure 33 is that when the air supply is reduced from 25 to 16 
pounds of gases per pound of combustible, what is gained in chimney- 
gas losses is nearly offset by incomplete combustion. This con- 
clusion probably holds true only for Indiana coals when burned in a 
hand-fired furnace of thfe Heine type. The reader is cautioned 
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against applying it to other cases without giving due consideration to 
all conditions differing from those that existed at the fuel-testing 
plant. 

In general it may be safely stated that high percentages of CO, in 
flue gases is one of the principal requisites of high efficiency of the 
steam-generating apparatus. However, it should be kept in mind 
that high CO, does not mean the same figure for all furnaces; that is 
to say, the most economical CO, percentage will be different for 
different coals and different furnaces. 

KTFECT OF COMBTTSTZON-CHAHBEB TEMPEBATUBB ON BESX7LTS 

OF TESTS. 

High temperature in the rear of the combustion chamber is mainly 
the result of a low supply of air. It may be also the result of the rate 
of combustion or the nature of the coal. It depends entirely on the 
cause of the high temperature whether the efficiency is thereby raised 
or lowered. If th^ high temperature is caused by a reduced air 
supply, the efficiency of the steam generator will generally increase; 
if it is caused by a high rate of combustion or the nature of the coal, 
the efficiency is likely to drop; or, if it is the result of all three causes 
oombiued, the effects may be neutralized and the efficiency may 
i^emain constant. 

It has been shown in figure 27 that the reduction of air is, within 
I'easonable limits, accompanied by a rise in comb^tion-chamber 
temperature. This relation is obvious and is generally admitted. 
It has been also shown in figures 28, 30, 31, and 32 that the efficiency 
rises when the air supply is reduced, at least within the range that 
has been investigated. It is therefore reasonable to expect that a 
liigli combustion-chamber temperature is accompanied by higher 
efficiency of the steam-generating apparatus. 

In figures 18, 21, 24, and 26 it has been shown that the combustion- 
chamber temperature rises when the rate of combustion increases. 
The same grouping of the same tests in figures 17, 20, 23, and 25 show 
that the efficiency drops as the rate of combustion increases. By 
inference it can be said that according to these figures the efficiency 
drops when the combustion-chamber temperature rises. It has been 
explained on page 203 that as the rate of burning coal increases the 
point of the most intense combustion of the volatile combustible 
recedes to the rear of the combustion chamber. Thus the distance 
between this point of most intense combustion and the point of 
temperature measurement is shortened, and consequently less heat is 
dissipated from the gases as they pass between the two points. The 
result is that the temperature in the rear of the combustion chamber 
is higher with higher rates of combustion, although the air supply 
may remain the same. 
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In a boiler furnace the volatile combustible of coal has to be burned 
in the space between the grate and the entrance of the gases among 
the tubes of the boiler. If the quantity of the volatile matter is 
small and bums easily, the point of the most intense combustion wiU 
be close to the grate. On the other hand, if the quantity of the vola- 
tile combustible is large and bums with difficulty, the point of the 
ixiost intense combustion will be far from the grate. Although the 
I'ate of burning the coal and the rate of air supply may be the same 
iri the two cases, it is apparent that the coal with the high volatile 
Combustible will show a higher temperature in the rear of the com- 
bustion chamber than coal low in volatile combustible. 

Since with high rates of burning coal and with coals high in volatile 
ixiatter the point of the most intense combustion of the gases is near 
the end of the furnace space, the gases enter among the boiler tubes 
less completely burned than when the rate of combustion is low, or 
\^hen the coal is low in volatile matter. We have therefore a loss 
due to incomplete combustion accompanying high furnace tempera- 
tures. Also, since the gases enter the boiler-tube space at higher 
temperature they leave the heating surfaces of the boiler at higher 
temperature, and consequently more heat is wasted through the stack. 
There is then a loss due to less complete absorption of heat accompa- 
nying high temperatures in the rear of the furnace. We can see that 
high temperature in the rear of the combustion chamber is not a posi- 
tive assurance of high efficiency. 

Figure 34 was prepared from all the tests made on boilers Nos. 
1 and 2 in which the combustion-chamber temperatures were meas- 
ured, regardless of the nature of the coal or the rate of combustion. 
The grouping of the tests was done on the basis of the combustion- 
chamber temperature. The figures in the small circles of curve No. 1 
indicate the number of tests averaged to obtain each of the points. 
The object of preparing this figure was to show whether, in general, 
high furnace temperatures are conducive to high efficiency. 

Curve No. 2 shows that one of the causes of the rise in the com- 
• bustion-chamber temperature was the reduction in air supply. The 
rapidly increasing capacity shown by curve No. 3 is undoubtedly due 
to the increasing rate of combustion. One can say then that the rise 
in the combustion-chamber temperature is due, at least, to two causes, 
namely, the reduction of air supply and the increased rate of combus- 
tion. Since all tests made on the two boilers were used in the prepa- 
ration of the curve, coals high hi volatile matter perhaps predominate 
at the right of the curve and are, therefore, also the cause of the rise in 
the combustion-chamber temperature. There are then, very Hkely, all 
the three causes previously discussed coming into eflfect, and therefore 
little or no rise in efficiency is to be expected when the combustion- 
chamber temperature rises. 
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Curve No. 1 shows that the aTenge increase in the combined effi- 
ciencies of boiler and combustion space is only about 2 per cent for t 
rise in combustion-chamber temperature from 1,900° to 2,700° F. 
However, considering the increase of about 30 per cent in the capadtf 
of the boiler, one must conclude that hi^ furnace temperatures ue 



FiouBR 3£.— Curves allowing tbe relatlaii of the tampenture In the rear ot tb« oambUBtioD chamber Vi: 
Radiation and unaccounled-tor lones, plua best ton la drr gaaee (No. 1); capacity developed b; boilei 
(No. 3); combined efflctencj' of boiler and combuatlDU apace (No. a). 

desirable so far as commercial performance of the apparatus is 
concerned. 

Figure 35 has been prepared iii the same way as figure 34, with the 
exception that only tests made on Illinois coals were used in its 
proparatdon. Tests on other coals were left out to eliminate the 
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effect of the nature of the coal on the combusUon-chamber tempera- 
ture and on t^e results of the tests. 

Curve No. 2 indicates t^at an increasing rate of combustion was to 
a Gomderable extent tiie cause of the rise in the combustion-chamber 



nnm SS.— Cnrve ■tunrlng tbe relaUon between oimliuHtloiHaiamber temperature nod flue-gu tempera- 
ttne. Teala made oa boilers Nee. 1 and 2. 

emperature. For this reason one should not expect an appreciable 
Qcreose in the efficiency when t^e combustion-chamber temperature 
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Curve No. 3 sliows that, in general, the combuied eflB.ciency of the 
boiler and combustion space remains nearly constant throughout the 
whole range of the combustion-chamber temperature. If the rise 
in the temperature were caused by the reduction in air supply alone 
the combined efliciency would rise; or, if it were caused by increased 
rate of combustion alone the efficiency would drop. Since both of 
those causes are active their effects are neutralized and the efficiency 
remains constant. 

Curve No. 1 shows that the sum of the heat loss in the dry chimney 
gases plus the radiation and other imaccounted-for losses remains 
nearly constant, no matter what the combustion-chamber temper- 
ature may be. Curves Nos. 1 and 3 show a peculiar relation to each 
other in that their respective points are symmetrically located with 
respect to a horizontal line running through the middle of the figure. 
This means that whenever the efficiency is low the heat loss is in one 
of the two items of curve No. 1. 

Considering the large increase in the boiler capacity with no loss 
in the efliciency, figure 35 shows that high temperatures are favorable 
to economic operation of steam boilers. 

There is one objectionable feature connected with high furnace 
temperature wliich may affect the efficiency of a boiler plant even 
though the boiler efficiency may be higher. This feature is the com- 
paratively short life of the fire-brick lining of the furnace and pro- 
portionately larger repair expenses. Considering the durability of 
the furnace lining it would seem advisable not to run the furnace at 
excessively high temperatures. The latter can be lowered not by 
using more air, but by changing the construction of the furnace in 
such a way that part of the heat is absorbed by the boiler while the 
process of combustion is going on. Of course this heat absorption 
should not be carried so far as to reduce the temperature of the 
gases below the ignition point, in which case smoke would result. 

RELATION BETWEEN THE COMBUSTION-GHAMBEB TEMFBBATX7BB 

AND FLTJE-GAS TEMPEBATTJBE. 

In the preceding discussions the statement has been made several 
times that the flue-gas temperature rises with the temperature in 
the rear of the combustion chamber. To show that, in general, this 
statement is true figure 36 has been prepared from all the tests made 
on boilers Nos. 1 and 2. The figure shows that the relation between 
the two temperatures is as stated. We may say then that, in general, 
the hotter the gases are when entering the boiler the hotter tiiey are 
when they leave the boiler. Similarly, the cooler they are when they 
enter the boiler the lower is the flue-gas temperature. There are 
scarcely any arguments needed to prove that if low flue-gas tempera^ 
tures are to be accompanied by high efficiency, the combustion- 
chamber temperature should be made low by having the boiler 
absorb part of the heat Irom ttie ga^e^^ a\idi>\^l bed during the process 
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of combustion. Of course^ such reduction in the combustion- 
chamber temperature can be attained only by changing the furnace. 
For example, in the Heine furnace the combustion-chamber tem]>era- 
ture can be reduced by forming the lower baffle with flat tiles, which 
are merely laid on top of the lowest row of water tubes instead of 
having the latter entirely inclosed with tiles. This change may 
increase the efficiency of the outfit 3 to 4 per cent, although at higher 
rates of combustion it may increase the incomplete combustion and 
the tendency of the furnace to smoke. 

For a description and the results of a series of comparative tests made 
on a Heine boiler with the lower baffle similarly modified, the reader 
is referred to Bulletin No. 34 of the University of Illinois. The tests 
were made at the Universtiy of Illinois engineering experiment station 
m a boiler mentioned in connection with figure 32. The series con- 
sisted of eight tests; four of them were made with the lowest row of 
tubes entirely inclosed with C-shaped tiles, and four were made with 
the lower baffle formed with T-shaped tiles, which were merely laid on 
top of the tubes, leaving the latter exposed to radiation from the 
fuel bed and the flames. Table 5 gives the principal results of these 
tests. 

Table 5. — Results of comparative tests made with two types of tile-roof furnaces at the 

University of Illinois experiment station. 





Tests with C-ehaped tiles. 


Tests with T-shaped tiles. 


Items. 


1 


2 


3 


4 


Aver- 
age. 


1 


2 


3 


4 


Aver- 
age. 


Onacity (per cent) 


102.0 
68.8 

2,052.0 

1,677.0 

549.0 

7.6 


102.0 
64.4 

2,086.0 

1,534.0 

565.0 

5.1 


106.0 
65.9 

2,073.0 

1,721.0 

563.0 

7.7 


102.0 
66.8 

2,063.0 

1,636.0 

556.0 

7.0 


102.8 
65.6 

2,066.0 

1,642.0 

558.0 

6.8 


106.0 
68.6 

1,803.0 

1,409.0 

496.0 

6.7 


104 
69.4 

1,870.0 

1,418.0 

484.0 

7.7 


102.0 
67.4 

1,869.0 

1,325.0 

458.0 

7.7 


105.0 
68.8 

1,902.0 

1,384.0 

432.0 

7.9 


104.0 


j^&icy (per cent) 

Tfvnperatare above ftiel bed 
(•F.) 


68.5 
1,883.0 


l^emperature in rear combus- 
tion chamh^^' (* ^-) 


1,384.0 


Jlne-gas temperature (• F.)... 
«^er cent COs in floe gas 


467.0 
7.6 

• 



^lELATION OF COMPOSITION OF COAL TO BE STILTS OF STEAMING 

TESTS. 

In the preceding paragraphs were considered the effects on the 
results of the steaming tests of such conditions as can be to some 
Qxtent controlled by the man in charge of the fire. By properly 
adjusting these conditions the efficiency of the steam-generating 
apparatus can be improved. In the present chapter will be dis- 
cussed the effects of the chemical composition of the coal on the 
results of the tests. The composition of the coal can not be changed 
and therefore its effect on the results is of more permanent nature. 
Nevertheless, if the furnace were so modified as to be better adapted 
for certain classes of coal the results could be improved. The com- 
position of coal generally affects the result through one, two, or 
several of the conditions previously discussed, 

99133*"— Bull 23^-12 ^16 
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The two chief losses in the process of steam generation are the 
heat loss in the dry chimney gases, and the heat loss through incom- 
plete combustion. The chimney loss may be made xmreasonably 
high by the use of a large excess of air. Incomplete combustion is 
directly caused by an insufficient air supply which may be either 
local or general. Either of these extremes may be caused by the 
composition of the coal. The coal may be very fusible, in which 
case the surface of the fuel bed forms one soUd layer of semiliquid 
fuel which effectively stops the passage of air through the grate, and 
at the same time a large excess of air may be fed into the furnace 
through the firing door. The same local excess or insufficient air 
supply may be caused by the fusion of the ash on the grate. Again, 
the volatile matter of some coals may be driven off so rapidly after 
a fresh charge that the average air supply is far too small to bum it, 
whereas one or two minutes after firing the same air supply may be 
greatly in excess. Thus the chemical nature of the coal is respon- 
sible for large or small supply of air, and therefore indirectly for 
large chimney losses or losses of incomplete combustion. 

In order to study the effects of the nature of coal on the economy 
in the process of steam generation, the tests made on boilers Nos. 1 
and 2 were grouped on the bases of various chemical constituents 
of the coals, and figures 37 to 52 were prepared. As on all previous 
charts, the factors which were used for the bases of the groupings of 
the tests are given as abscissas, and the items of the results of the 
tests on which the efTects of these factors are desired to be shown are 
given as ordinates. The ordinate of each point on these charts is 
the arithmetic average of all the tests of each group, so that the indi- 
cation ol)tained by each curve shows only the general tendency. 
This fact should be kept in mind when drawing conclusions from 
these charts. The number of tests forming each group is given by 
the figure inside of each small circle representing the points. 

EFFECT OF THE VOLATILE MATTER OF COAL ON THE EFFICIENOT. 

The volatile combustible is one of the troublesome constituents 
of coal, particularly if the latter is burned in a hand-fired furnace. 
Firing by hand is an intermittent process. The charging itself takes 
one-half to one minute and supplies the furnace with fuel for four or 
five minutes. Careless firemen make the charges a great deal heavier. 
Most of the volatile matter is driven off the coal during the first two 
minutes after charging, and most of it is burned while in the combus- 
tion space of the furnace. Generally during these two minutes not 
enough air is admitted, and the time during which the volatile matter 
and the air stay within the combustion space is too short for the two 
to be thoroughly mixed and the combustible consumed. There is, 
therefore, during these first two minutes incompletie combustion, of 
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7hich black smoke ia & visible eTidence. After the volatile matter 
kas been driven off the fixed carbon bums on the grate and stays 
iLere until thoroughly consumed or gasified. The air during this 
period of the firing cycle may be about right for economic combustion, 
but generally it is high. It is obvious trom. the intermittent feeding 
of coal in hand firing that unless the air supply ia constantly varied 
during each firing cycle there is apt to be alternately shortage and 



VOLATILE HATTER IN COAL, MOISTURE AND ISB FREE, PER CENT. 

'ISDBE 37.— CnrvcBBhoving tlis effect of ths -volatile matter in moistora and ash-Iree l-obI od: Combus- 
UraHAamber tcmpcratora (No. 1); combined eOlcleiic;^ of boiler and combustion spiice(No. 2). TcEta 
made on bollcra Moi. I and 2. 

txcess of air, with the consequent heat losses. It must not be under- 
itood that all the volatile combustible is driven off during the first 
'WO minutes after firing, and that all the remaining fixed carbon 
>UTiis completely during the remaining two or three minutes before 
be next chaise is fired. There is some volatile combustible leaving 
be fuel bed during the fourth or even fifth minute, but the quantity 
B so small and is of such nature that the air supply is more than 
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sufficient to bum it before it leaves the combustion space. The fixed 
carbon may stay on the grate one hour or even longer before it is 
completely consumed. 



tk 



FIXED OAKBOK IN COAL AS FIRED. PER CBKT. 

PioDBE 38,— Curves sbowing the relBtlon between the percenUge of flied cuboD In otwl and; Cembn>- 
tlon-ohoniber temperature (No. 1); flue-gas lamperaturB (No, 2); capacity derotoped by boiler (Ne- 1)1 
combined effldenc; ot boiler and combuslloa apace (No. 4). 

The large quantity of the volatile combustible distilled from the 
fuel bed during the first two minutes after firing is not entirely respon- 
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dble for the incomplete combustion losses. The loss is to a consid- 
erable extent also due to chemical composition and physical state. 
Only part of the volatile combustible leaves the fuel bed as light, 
readily combustible gases; the remainder passes through the space 
of the furnace as heavy gases, tarry vapors, and other carbon-hydrogen 
compounds in semiliquid or soUd states. The last two forms of com- 
bustible, owing to their physical state, are particularly difficult to 
bum completely in the short time they stay within the combustion 
space of the furnace. They are generally responsible for a great deal 
of the smoke made in the hand-fired furnace. 

Owing to the above-discussed difficulties in burning volatile com- 
bustible, coals containing high percentages of volatile matter generally 
do not give as good results in steam-generating apparatus as high 
fixed-carbon coals. This fact is plainly shown in figures 37 and 38. 
The lower curve of figure 37 shows that, in general, the combined 
efficiency of the boiler and the combustion space drops from 68 to 
about 56 per cent when the volatile matte increases from 20 to 60 per 
cent. The two niunbers beside each circle indicate the highest and 
the lowest efficiency obtained within each group of the tests. It will 
be noticed that the highest efficiencies are approximately the same for 
all groups, excepting the one of the highest volatile matter. The 
lowest efficiency values of each group, on the other hand, fall oflf very 
rapidly as the volatile matter increases. This fact may be explained 
in this way : There is no particular difficulty in burning the low volatile 
matter coals, consequently good efficiency is obtained in all the tests; 
but as the volatile matter becomes higher the difficulty in burning the 
coal increases and most of the tests come out with low efficiency, 
though a few tests may show good results. The conclusion is that, 
'With the same economy, a great deal more care and skill are required 
to hum high volatile coals under steam boilers than are required to 
bum low volatile coals. 

The upper curve of figure 37 shows that the highest temperatures 
in the rear of the combustion chamber were obtained with coals run- 
iiing 30 to 50 per cent in volatile matter. The coals lower in volatile 
inatter have their points of intense combustion near the grate, so that 
part of the heat is absorbed by the boiler through the tile roof before 
the gases reach the rear of the combustion chamber. The coals high 
in volatile matter are mostly low-grade fuels with high ash and high 
moisture, which two constituents tend to lower the furnace tem- 
perature. 

Curve No. 4 of figure 38 confirms the indication of the lower curve 
of figure 37. 

CHurves Nos. 1 and 2 of figure 38 rise and fall together, showing that 
high furnace temperatures are accompanied by high flue-gas tem- 
peratures^ which relation is, of course, natural. The combustion- 
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chamber temperature does not seem to bear any relation to the 
percentage of fixed carbon in coal. The same is true of the capacity 
developed by the boiler as shown by curve No. 3. 

BFFECT OF PEBOENTAOB OF ASH ON RESULTS OF TESTS. 

Ash in coal is impurity and is objectionable for several reasons. In 
this discussion ash is considered only as a hindrance to the proper 
combustion of the coal. 

The ash, even if not fusible, increases the resistance of the fuel bed 
to the flow of air, thus reducing the rate of combustion. If the rate of 
combustion is to remain the same, higher ''drafts" must be carried 
when burning high-ash coals. Higher "drafts" Gower pressures 
inside the boiler setting) will necessarily increase the leakage of air 
into the boiler setting so that the flue-gas analysis may show a high 
excess of air. 

If the ash is uniformly distributed through the coal and particu- 
larly if it is tough, it may form an insulating layer around the burning 
pieces of coal so that the oxygen passing through the fuel bed can not 
readily come in contact With the combustible. Consequently, a large 
quantity of the oxygen may pass through the fuel bed uncombined. 
Thus, the air supply may become too high for good economy. 

If the ash is fusible clinkers are formed which may entirely shut off 
the flow of air through some parts of the fuel bed while a few places 
remain open, and through them a large excess of air may rush into 
the furnace. Thus incomplete combustion and a large supply of air 
may both cause heat losses at the same time. 

A further loss directly attributable to ash is the unavoidable removal 
from the furnace of some of the combustible matter along with the ash 
when cleaning fires. As the ash and clinkers, as well as the combusti- 
ble, are pulled out of the furnace at a red heat a small quantity of 
heat is wasted in this manner. 

Besides the tendency to cause the above heat losses, ash in coal is 
apt to reduce the capacity of the boiler. It has been stated that the 
presence of ash in the fuel bed increases the resistance to the flow of 
air through the bed and thereby reduces the rate of combustion. 
Since the capacity is a direct function of the rate of combustion, high 
ash causes low capacity. The ash affects the capacity in another 
way; while the ash and clinkers are being removed from the furnace 
the operation of the latter is almost entirely suspended during 10 to 
20 minutes, a fact that greatly reduces the steam production over 
extended periods. 

Thus high ash in the coal may reduce the efficiency of the steam- 
generating apparatus by causing too large a supply of air with a 
possible incomplete combustion due to local deficiency of air supply. 
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High ash reduces the capacity of a steam boiler by reducing tlie 
ate of combustion, and also by the fact tliat during tlie time of 
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Itetnu St. — CuTTiB showing the nUtion of the peiceatage of esh In coal to: CombusUon-ehunbar tent* 
pentnrs (No. 1); flufrfasCemperatmefKo.S); pounds ordi7chiiiuie7 gases per pound ofoambiutl- 
blo"(Na.S); capooltydevdoped br boiler (No, 4): combined effloleacyorbolleiaiidcombaaUDnBpaos 
(No. 6). TattalOllaW. 

:«niOTing the clinker from the grate the combustion is almost entirely 
luspeoded. 
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The currffi of %ure ^Q confirm the etatemente mule in the ton- 
going diflcumion. 

Curve Xo, 3 indicates that more air is used to bum 1 pound of com- 
hiiatible when the ash in the coal increases. A larger air suppb^ cttuses 
lower combustion-chamber temperature, and this in turn csusee Iowa 
fluo-gas temperature. These two facts are indicated hy curves Nob. 
1 and 2. 

Curve \o. 4 shows that, in general, tiie capacity of the boils 
becomes lower when tlie percentage of ash in the coal increases. 



o tha OTcnn efldaD 

The drop in tlie combined efficiency of the boiler and furnace is 
mtlier small, indeed it is smaller th&n one would reasonably expect 
It should be remembered that this efficiency does not include liu 
grate, and therefore the losses shown by the curve do not include tlu 
combustible wasted in tlie ash and clinker in cleaning £res. 

Attention is called to the rough relation shown by the individui 
points of curves Xos. 4 and 5; that is, when the capacity rises dii 
efficiency drops. This relation has already been discussed in god 
nection with figures 17 and 19. 

Figure 40 sliows the relation between the ovo^all efficiency and On 
percentage of ash in dry cool. This efficiency includes the grate uu 
therefore the drop with the increase of ^e parentage of ash is man 
marked. 
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Figure 41 shows rAversely the same relaUon as figure 40. The diSer- 
mce between the two figures is that figure 41 has been prepared by 
^uping the testa on the basis of the combined efficiency of the boiler 
md combustion space instead of on the percentage of a^li. The chart 
shows that high over-all efficiencies were obtained with low-ash coal 
md that tests showing low efficiencies were mostly made with coola 
bigh in ash. 

In the preparation of figures 39, 40, and 41 all teste made on boilers 
Ros. 1 and 2 were used, r^;ardles3 of the kind of coal. It is very 
probable that the three figures show not only the effect of the per- 
centage of ash in coal but also the effects of some other factors of the 
chemical composition of the coals. To eliminate these other factors 
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AoDxi 41,— CnrTSBhowtngreUtloi] of the eomblned etOclcnef of the boiler and the corobusHan ipaoa 
to the panmUge of ash ta dzy coal. 

as far as possible, figures 42 and 43 were prepared from tests made on 
Illinois coals only. It is a known fact that coab coming from the 
same coal field are of somewhat the same chemical composition and, 
therefore, the steaming tests made on them are better fitted for 
comparison. 

Curve No. 1 of figure 42 indicates that, in general, the combined 
^dency of the boUer and combustion space drops only about 1.6 
per cent wlten the ash in moist coal increases from 5 to 17 per cent, 
rhis Is perhaps a smaller drop than one would expect. The numbers 
it each point of the curve give the highest and lowest combined effi- 
sflKry of each group of tests. According to these numbers, high 
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efficieocT msy be obtained irith coals amtaiiiing any amount of 
asL from 5 to 17 per cent, but with ooids of hi^ier ash content the 
chances of obtaining good results are much less than with coats low 
in ash. 
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FcGUBE 4S.— Curvo) shawlDg tbe relalion ot the peicuitage of ash In coal to: Combtned efficieDcy 17' 
holl« and combustion space (No. 1); Dvcr-Bllcfllolencj-otsteam-generatingappar»tua(No.2)ihestl(ii^ 
Indrychlmney gasea (No. 3); radiation and imaccoimi«l-(or lo3ses(No.4);hi»Ilosa in moisture loraw* 
byburnlnglij'drogen(No.6);healloa5inniol3turolncoaHNo.6);he9tlosslnCO(No.7), Theordlmle* 
ofcurve3Nos.I,3.*.5,6,and7areeipre3sedssperceniaKf3ottheheatot''conibiHtibl6"a3Cendinglraii> 
the grate and, therefore, should luld approximate] r to 100. Tfsis made with niluola coab onlj. 

The difference of slope between curves Nos. 1 and 2 indicates that 
more combustible is wasted in the refuse when the aah is high, a rela- 
tion that is, of course, natural. The heat losses indicated by curves 
Nos. 5, 6, and 7 are very nearly constant for all percentages of aah 
within the limita investigated. The only losses that show any 
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ASH IN CCUL AB FIREP, PEBCEMI. 
ivxs 43. — CuTves showing the reUUnn at th« percentage of ash hi coal to; Comhiiatlon-chamber temper- 
ton (No. I); fl[i»fu lamperatnre (No. 2); poonds at diythlmmy gaaes per pound oF "combustible" 
(ra.3};CspMH]'devdop«db7boller(No.4);iiiolgtUnlnoi»luflnd(No. 6). Teria nude with lUlnela 
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appreciable change when the percentage of ash in the coal increases 
are the chimney loss and the unaccounted-for losses. Their changes, 
however, are in opposite directions, so that they nearly neutralize 
each other. According to curve No. 3, the heat loss in the dry 
chimney gases increases about 4.5 per cent when the ash in the coal 
increases from 5 to 17 per cent. As shown by curves Nos. 2 and 3, 
figure 43, this greater heat loss up the stack is due entirely to a larger 
air supply. Curve No. 4, figure 42, indicates that the unaccounted- 
for heat losses decrease about 3 per cent when the ash in the coal 
increases from 5 to 17 per cent. Very likely the larger air supply 
causes a better combustion of the gases leaving the fuel bed, so that 
on the whole the completeness of combustion is improved by 3 per 
cent. This gain is undoubtedly possible only in the large combustion 
space of this particular furnace. The path of the gases from the fuel 
bed to the opening into the tube chamber is long enough for the com- 
bustible gases to mix with the excess of air and bum. The difference 
between the increase in the heat losses shown in curve No. 3 and the 
decrease shown in curve No. 4 is 1.5 per cent. This is about the 
same as indicated by curve No. 1. 

Curve No. 5 of figure 43 show^ that the per cent of moisture in the 
coal remains approximately the same for all percentages of ash and 
therefore does not enter into figures 42 and 43 as a factor influencmg 
the results of steaming tests. 

Curve No. 4, figure 43, shows that, in general, the capacity de- 
creases with the increasing percentage of ash in the coal. 

Considering the indication of the last two figures, one may conclude 
that, within the limits of 5 and 17 per cent, ash in the coal affects the 
efficiency of the steam-generating apparatus but Uttle. The drop 
of 1.5 to 2 per cent in efficiency is entirely due to increased air supply- 

The reduction in capacity is caused by lower possible rates of com- 
bustion and the suspension of furnace operation during the removal 
of clinker from the grate. 

The above conclusions are applicable with certainty only to a 
hand-fired Heine furnace. 

EFFECT OF MOISTURE IN COAL ON THE RESULTS OF TESTS. 

Coal when burned always contains some moisture even though 
the coal may appear perfectly dry. Absolutely dry coal is known 
only to the chemist, and he finds it difficult to keep it in that state 
because dry coal absorbs moisture readily from the atmosphere. 

Various kinds of coals hold, without appearing wet, different per- 
centages of moisture. High-grade eastern bituminous coal may run 
3 to 5 per cent in moisture, while the North Dakota lignites hold 40 
or more per cent of moisture when mined. 

When coal is used for steaming purposes the effect its moisture 
has on the economic results depends on t\\A <\uantity of moisture 
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iontained in the coal. Though id moderate percentage the moisture 
may be harmless or may even prove beneficial, in large quantities it 
undoubtedly reduces the useful effect of the heat in the coal. Ihe 
term "moderate percentage" may have different values with different 
coals. We often hear of a perfectly sane engineer who claims he 
gets better results in his steam plant by wetting his coal. It is 
possible that the presence of a certain amount of water vapor in the 
furnace faciUtates combustion of the volatile combustible. The 
heat lost in the free moisture of the coal is not as lai^e aa it may at 
first appear to be; thus with coals containing 10 per cent moisture 



[■m 0O4LAS FIRED. FttRCaNT, 

^om U.— Coin ■hoirlDg the cDCct of molature In cool an thf combined ettdeDcy of boU« am] oonw 
buatlon ipece. Teats 101 to (10. 

the heat loss accountable to the moisture is about I per cent, with 
coals containing 17 per cent moisture the heat loss is about 2 per 
cent. With the ordinary amount of hydrogen in the coal the heat 
loss in the moisture formed by the burning of the hydrogen is about 
i per cent. It is apparent that if the moisture in the coal is increased 
by wetting until it is from 10 to 15 per cent, the increase in the heat 
loss in free moisture is less than 1 per cent, a loss that may be more 
than offset by obtaining better combustion. 

Of course, with lignites high in moisture and low in heat value the 
heat loss accountable to moisture may reach as high as 10 per cent of 
the total heat in the coal. 
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If coal is purchased merely on the weight basis, moisture is 
objectionable because the buyer pays a good price for something 
that has no value to him. In this respect the moisture is as unde- 
sirable as the ash. In the boiler room moisture has the advantage 
over ash in that it does not need to be removed from the fires and the 
boiler room. 

Figure 44 has been platted to show the effect of the moisture in 
coal on the combined efficiency of the boiler and the combustion space. 
AU tests made on boilers Nos. 1 and 2 were used in its preparation 
regardless of the nature of the coals. This fact makes the curve some- 
what misleading, inasmuch as the coals high in moisture contain also 
high percentages of ash, so that the effect shown by the curve is to 
some extent the combined effect of the moisture, ash, and perhaps 
of some otiier factors. 

The numbers at each point indicate the highest and lowest efficiency 
obtained within each group of tests. 

Figures 45 and 46 were prepared from tests made with BUnois coals 
only. By using coals from one coal field the effect of the chemical 
composition of the coal is nearly eliminated, and the curves more 
nearly show the moisture effects not destroyed or exaggerated by 
other factors. The two figures were prepared by grouping the tests 
on the basis of the percentage of moisture in the coal. 

The numbers near the points of curve No. 1, figure 45, denote the 
highest and the lowest combined efficiencies of the boiler and the com- 
bustion space of oacli group of tests. The orclinates of curves Nos. 1, 
3, 4, 6, and 7 show how the heat of the combustible ascending from 
the grate has been distributed. The heat is expressed in percentages 
and therefore the ordinates of these six curves should add to 100. 
Ordinates of curve No. 2 are expressed in percentages of the heat of 
the coal fired on the grate. 

Curve No. 1 shows that as the moisture in the coal increases from 7 
to 16.5 per cent the combined efficiency of the boiler and combustion 
space drops about 4.5 per cent. According to curves Nos. 3 to 7 
this increased heat loss of 4.5 per cent can be accounted as follows: 

The heat loss in the dry chimney gases is increased about 1.7 per 
cent, through larger air supply and sUghtly higher flue-gas tempera- 
ture, as is shown by curve No. 3, figure 45, and curves Nos. 2 and 3, 
figure 46. As shown by curve No. 4, figure 45, the unaccounted-for 
losses increase about 1.5 per cent. This increase in the heat loss is per- 
haps largely due to less complete combustion, although this explana- 
tion is not quite confirmed by curve No. 7. It is also possible that a 
small part of this larger heat loss is due to increased radiation losses. 
Curve No. 4, figure 46, shows that the capacity drops as the moisture 
in coal increases. The amount of heat radiated from the boiler and 
its setting is about the same in quantity, so that as the capacity drops 
the radiation loss becomes larger. 
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Curre Ko. 5, figure 45, shows that about 0.5 per cent of the increased 
heat loss can be ascribed to a somewhat lai^er loss in the moiature 
formed by burning the hydrogen. 



MOISTUHEIS COAL, PER QEMT. 
ng the effect olmolstere In coal on: Combined efficiency of tlieboUn and the com- 
bnstlon apaet (No. 1); over-all efficiency ol the Bteam-generBting apparatus (No. 2); heat loss in dry 
chinmer gases (No. 3); radlatlan and nnaccounted-tor losses <No. 4)^ beat loss In moisture formed by 
bniDlng bydrogen (No. S); beat toes in moiature la coal (No. 6); heat loes la CO (No. 7). Testa made 
wKh nUnolB coals only. 

CJurve No. 5, of figure 46, indicates that the average percentage of 
ash for each group of tests remains nearly constant as the moisture 
in the coal increases, and, therefore, the effect of tlie ash is nearly 
absent in the last two fgures. 
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From figures 45 and 46 on« may conclude that moistaro in the coal 
reduces the efficiency of the steam-generating apparatus by (a) 
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MOISTQBS mCQiL EEHCENI. 
FlODBE 49.— Curvfs showing the relation of the percentage of mobtore In cml to: CombusUoiFchtmba 
tempeiBture (No. 1): flue^ae temperature (No. 2); pounds of dry clihnney gaaee per paund al com- 
bUBtlble(No. 3); capacity developed by boiler (No. 4); uh In coal aa flred (No. 5). Tests made wllli 
Illlnoia coBla only. 

mcreasing the heat carried away in the dry chinmey gases, due to 
larger air supply and slightly hi^er flue-gas temperature; ft) hy 
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increasing the heat carried away by the moisture itself; and (c) by 
the escape of a lai^er quantity of free hydrogen. 

The reduction of the capacity of the boiler is caused by a lower 
•ate of combustion caused probably by the dilution of the oxygen 
)y the large quantity of water vapor. (See section on "Principles 
nvolved in the combustion of coal in boiler furnaces/' pages 330 to 
J40.") 

Comparison of figures 42 and 45 brings out the fact that moisture 
n the coal reduces the efficiency of the steam-generating apparatus 
nore than the same percentage of ash. This fact may appear strange 
mtil one stops to think that as long as all the combustible is burned 
mth. economical air supply the ash itself has no heat-absorbing prop- 
erties. On the other hand, water vapor, besides having some prop- 
erty of hindering the rate of combustion, has great heat-absorbing 
capacity because of its high latent heat and its high heat of formation 
or decomposition. 

EFFECJT OF SULPHUK ON RESULTS OF TESTS. 

Sulphur is an undesirable element in coal. It often occurs com- 
bined with iron as iron pyrites. In such combination it is wortldess 
as fuel, although in a free state it has a heating value of about 4,000 
B. t. u. per pound. Pyrites can be readily recognized by its heavy 
height and bright brass-like color. Sulphur is also contained in coal 
II combination with calcium as gypsum or calcium sulphate. This 
tdneral occurs in thin white flakes more or less transparent. Of 
he two sulphur compounds the pyrites is usually contained in coal 
^ larger quantity, and is objectionable on account of its increasing the 
^xidency of the coal to chiiker. The cUnkering is particularly bad if 
fcte percentage of ash is small in proportion to the sulphur. Under 
Uch conditions the ash appears especially fusible and forms thin 
^yers of soUd clinker, which effectively stop the flow of air through 
tie fuel bed and permit the grate bars to become heated. On account 
*f the lack of flow of air through the grate the cUnker is kept in a 
tiolten state and runs down between the grate bars. At such high 
'^mperatures the sulphur attacks the iron of the grate bars. The 
^ate may be destroyed in the course of a few days by the corrosive 
aiction of the molten clinker and the excessively high temperature. 

When such clinkers form, any attempt to loosen them with a slice 
bar fails and only laborious cleaning of the fires will temporarily 
improve the conditions. 

When coals which clinker badly are burned on a plain or a rocking 
grate the cHnker may be usually prevented from running between 
the grate bars by blowing steam under the grate. The explanation 
given for this effect of the steam on the cUnkers is that the steam 
when passing the hot cUnkers is decomposed into hydrogen and otcj- 

99133''— Bull. 23—12 17 
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^n. Thiii clwompoiiition is a. cwtliog proeoM and the he»t needdd 
to effect it is t akim from the hot clinker, thus cooKng the latter bdow 
its melting [mint. 

The use of steam aa a remedy for clinker troaUes WM foimd to 
work natisfArtorily with most of the coab, particulariy those hi^ in 
asli and sulphur. However, for coals very low in aA, this remedy 
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FiaVRi 47.— CuTvn showing the ettrcl o[ the p«T«aUg« of anlphnr In diy teal an: Caii]biiiUaiK:k<Dl)C 
tcmperalure (Ho. 1): pounds of dry chlmoFj' gwa per potmd of "eombintlbl*" (No. 2}: ranMnii 
einclenc;ofbDllcraodatmbu*tia&space(No. 3). TwtoiiiadalBb«UnNo^l>ndI;>llciMklDehiM. 

sometimes proved insufficient. In such cases crushed Umesbme, 
spread over the thin, clean fuel bed immediately on starting the testa, 
generally prevented trouble from running clinkers. 

To make a general statement, it may be said that the tendencjr ot 
a coal to clinker varies directly with the percentf^ of sulphur and 
inversely with the percentage of ash in the coaL 
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Sulphur in coal affects the economy of the steam-generating 
apparatus in that it forms clinkers which hinder proper distribution 
of air. Thus, sulphur may be the cause of local excess or deficiency 
of air and the accompanying heat losses in the dry chimney gases or 
in incomplete combustion. 

To find what influence sulphur in coal has on the results of tests, 
figure 47 has been prepared from all the tests made on boilers Nos. 1 
and 2, regardless of the kind of coal. The tests were grouped on 
the basis of the percentage of sulphur in the coal. 

According to curve No. 3, figure 47, the combined efficiency of the 
boiler and combustion space drops about 3 per cent as the sulphur 
in dry coal increases from 0.5 to 6 per cent. This drop in the effi- 
ciency is lai^ely due to the increased air supply, as shown by curve 
No. 2. 

Inasmuch as figure 47 is prepared from tests made with all grades 

of coals, the curves may show the effects of other factors besides that 

of the sulphur. These other factors may exaggerate or neutralize 

the effect of sulphur so that the indication of the curves may be 

somewhat misleading. In order to eliminate most of these disturbing 

factors and to get at the effect of the sulphur alone, figures 48 and 

49 were prepared from tests made with Illinois coals. Figure 48 

shows graphically the average distribution of heat as given in the 

iieat balance in Table 4. 

Curve No. 1, figure 48, shows that the combined efficiency of the 
toiler and combustion space drops about 3 per cent when the sulphur 
ci coal increases from 0.5 to 5.5 per cent, which is about the same 
Ix^op as shown by curve No. 3, figure 47. Of this 3 per cent about 2.5 
^n be charged to increased heat loss in the dry chimney gases because 
^f a larger air supply. The remaining 0.5 per cent can be ascribed to 
lightly higher heat losses in the moisture in coal and that formed by 
>iiming the hydrogen of the combustible. Neither the unaccounted- 
or losses, curve No. 4, nor the CX), curve No. 7, shows any increase 
>f incomplete combustion. 

Curves Nos. 1 and 2 are nearly parallel, indicating that the average 
bss of combustible in the refuse is about constant, no matter what 
the percentage of sidphur in the coal may be. 

Curve No. 3, figure 49, indicates a general drop of about 8 per cent 
in the capacity of the boiler as the sulphur in the coal increases from 
0.5 to 5.5 per cent. Undoubtedly the increased amount of clinker 
formed with larger percentages of sulphur reduces the rate of com- 
bustion, thereby decreasing the capacity. The lower rates of com- 
bustion at the right of the figure tend to improve the completeness 
of combustion, as suggested by curves Nos. 4 and 5, figure 48. 

Curves Nos. 4 and 5, figure 49, indicate higher percentages of ash 
and moisture in the coal. Possibly the increase of these two con- 
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8titueDt6 partir accouots for the drop in efficiency shown by curre 
No. I, figure 48. 
Fi^re 50 has been prepared by grouping the teata on the haaa of the 
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combined efTiciencyof tlie boiler and the combustion space. The object 
of curve No. 1 ia to sliow whether, in general, tests showing high effi- 
ciency were made with coals low in sulphur and low-efficiency testa 
with coals high in sulphur. The ftatoig ^a tWt \>i« ^«a\a ^o^wMt^iifl 
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SUIPHim IN COAL (SEPARATELT DFTSHMINEU), PEE CENT. 
'NDU 4a.—CaTTa showing the relation of the percentage of sulphur In csibI to: Flue-gas temperaturs 
(No.l); pounitoof drychtmneygaseaperpoundof "i»nibustlble"{No.2); capacity developed bylmller 
(No.3); asblDcoal(No.4); molatuie In ci>al(ND.G); ratio of milphuc to aBb(Na.S). TeaU made with 
nUnalaooabonlr. Tests 101 to 12E rejected. 
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liigiieet efliciency were made with coala low in sulphur, but that there 
is no difference in the sulphur contents between coals which gave 
medium and low efficiencies. 



e.H 



COMBISEDEPnCIENCY OFBUILBR AND COMBI-STIOS SPACE. PBRCBHT. 



FiauBE 50.— Curves show tng the relation or the wmbloed efliciency of tb« boiler sod Uiecnmbustionip*! 
lo the percentage ol BUlphur in roaL (No. I) and the peroentuge ofclinJter In teluse (No. 2). Testa miJ 
on boilers Nos. 1 and 2; all coals Included. 

Tlie lower group of points (No. 2) is so scattered that it is impoasibl 
to draw a curve through them which would show a logical relatioi 
Tlie indication is that there is no definite relation between the amouD 
of clinker and tJie efficiency. Probably the character of the clinks 
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has more to do with th« results of a test than the quantity. ' Doubtless 
a heavy stdid chnker is much more injurious than a light porous one. 

The lower group of points (No. 2) of figure 51 show a mmilar lack 
of relation between the quantity of clluker and the combined effi- 
ciency. It would be unwise to claim that the best results are obtained 
when about half of the refuse comes out of the furnace in the form of 
clinker, which is abont what the 
points indicate. 

Curve No. 1, figure 51, coD&ms 
thestatement made elsewhere that 
sulphur in the coal increases the 
tendency of the coal to clinker. 
Tests showing the highest amount 
of clinker were made with coals w 

having the highest percentages of § . 
sulphur. 1 3 

From the indication of figures ge 
47 to 51, inclusive, we can deduce e| 
the following conclusions: Ig 

Sulphur in a coal increases its || 
tendency to clinker. The pres- S| 
ence of clinker on the grate bin- | 

ders a proper distribution of air cnintf3ii(rREFC8E,FERciiiT. 

through the fuel bed in such a yHnniiSL-ciuT«»iiiowiagthB«i.iionofth«i*r. 

way that more air is used to bum oenWge ol cUnter in refuse to lie percentage ot 

, J , , ,.,. ,, . (ulphor In cobI (separalely detenninedl (No. 1); 

1 pound or combustible tnan is md m the oombtned e«cl«icy oI tHa boller and 

reauired to obtain eoodeconomv. "" mmbustlon apace (No. 2). TesU made on 

-.^ . . ■ . > > . . boilen Noa. 1 nnd 2i all eoals Included. 

The excess or air is the chief cause 

of the heat loss incurred by the sulphur in the coal; on account of the 
large supply of air and the reduced rate of combustion the complete- 
ness of combustion is not affected by the sulphur to an appreciable 
extent. 

Sulphur in the coal reduces the rate of combustion, and thereby 
reduces the capacity of the boiler. 

BBLATION BETWEEN OXTQEN IN CXJAL AND THE COMBINED EFFI- 
CIENCY OF THE BOILEB AND THE COMBUSTION SPACE, 

According to figure 62, the combined efficiency of the boiler and 
the combustion space drops about 8 per cent when the oxygen in the 
coal increases from 3 to 15 per cent. This relation is purely inci- 
dental, as no l<^cal course of reasoning can demonstrate that the 
oxygen in the coal would in any way be a cause of lai^e excess of air 
or incomi^te combustion, which are the two chief sources of loss in the 
operation of a steam-generating apparatus. Undoubtedly the drop 
in the ^aeaxcy is caused directly by the increasing percentages of 
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moisture and ash in the coal. Consultation of the chemical compo- 
sition of the coals given in columns 39 to 49, inclusive, Table i, 
will reveal the fact that coals high in oxygen always contain high 
percentages of moisture or ash, or both. 

EF7BCT OF TOLATILB CABBOK ON THE COHBINfiD EFFICIENCY OF 
THE BOILER AHD THE OOHBUSTION SPACE. 

The volatile combustible of coal consists almost entirely of hydro- 
gen and carbon. The percentage of hydrogen varies with diffowt 
coals from 3.5 to 5 per crat and is therefore approximately constant 
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PiauBE 52.— Curve showing the relBtton of the peroentag* of oiyg»n In moisture and aab tree coal to tM 
coinblnedelhciency of ihe liolltr and Iho combusUon spate. Tests made on boilers Nos. 1 and 2; all mils 
Included. 

for all coals. The volatile carbon, on the other hand, varies in dif- 
ferent coals from 7 to 35 per cent. Therefore one can say that the 
percentage of volatile combustible depends almost entirely on the 
amount of volatile carbon; the higher the volatile carbon the higher 
is the volatile combustible. It is obvious that when the volatile 
combustible varies in quantity it also varies in chemical composi- 
tion; that is, the higher a coal runs in volatile matter the heavier 
are the hydrocarbons constituting the volatile combustible. The 
heavy hydrocarbons are very difficult to bum within any limited 
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»mbu8ttoQ space. Hence when the volatile matter in coal increasee 
lot only is there more volatile combustible to bum, but the latter 
xmsists of such compounds as present serious difiicultiee in burning. 
^r these reasons one may expect tests made irith coals high in volar 
ile carbon to show less complete combustion and therefore lower 
fficiency than tests made with coals low in volatile carbon. That 
ich a relation exists is shown by figure 53. 

The figure indicates that as the volatile carbon increases ^m 6 to 
3 per cent, the combined efl&ciency of the boiler and the combustion 
lace drops from 67 to 58 per cent. This drop in the combined 
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Bciency, shown in figure 53, ia not, however, entirely due to the in- 
'eaaing percentage of volatile carbon, 

Periiaps one-half to two-thirds of it is caused by the increasing 
iTcentages of moisture and ash. Coals high in volatile carbon gen- 
atly contain high percentages of moisture and ash. 

RELATION OF CABBGN-HTDBOQEN RATIOS TO RESULTS OF TESTS. 

In Professional Paper 48, of the United States Geolo^cal Survey, 
ge 168, M. R. Campbell proposed a classification of coala on the 
sis of the ratio of carbon to hydrogen. His reason for selecting 
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tliis basis was that carbon and hydrogen are the chief constituents 
of the combustible matter of coal and, therefore, any classification 
of coals to be of any practical and scientific ralue must use some 
combination of these two elements for its basis. He considered the 
ratio of carbon to hydrogen as the best comlnnation. Classification 
of coals on this basis is perhaps a fair one for scientific purposes. It 
is ])recise and is equally applicable to all classes of coals from the high- 
est grade of anthracite to the brown lignites. It should also be useful 
as a basis on which to estimate the Tahie of yaiious types of coals for 
steaming purposes. 

The study of previous charts has revealed the fact that the three 
most important variable heat losses in the process of steam generation 
are, in order: 

(a) Heat loss in excessive supply of air. 

(b) Heat loss in incomplete combustion. 

(c) Heat carried away in the moisture of coal. 

It has been shown that the loss under (a) increases considerably 
with the percentage of ash and sulphur and slightly with the mois- 
ture in coal. 

The loss under (b) increases with the percentage of volatile com- 
bustible and also with the moisture in coal. It has been suggested 
that in the latter case incomplete combustion is increased because 
of the escape of larger quantities of free hydrogen. 

The loss under (c) increases directly with the moisture in coal. 

The most useful classification giving the value of coals for steaming 
purposes would bo one based on all the above factors, namely, ash, 
sulphur, moisture, and volatile combustible. 

Since the volatile combustible increases as the carbon-hydrogen 
ratio becomes smaller and, also, if hydrogen is taken in percentage 
of moist coal, the moisture in coal increases as the ratio decreases, 
classification on the carbon-hydrogen basis includes directly two fac- 
tors which afTect the efficiency of the steam-generating apparatus. 
Generally, coals of high carbon-hydrogen ratio contain low percent- 
ages of ash, and coals having low carbon-hydrogen ratios have high 
percentages of ash. Therefore classification on the carbon-hydrogen 
ratio may include incidentally the ash factor and, perhaps, also, the 
sulphur. One would, therefore, rightly expect a rise in the combined 
efficiency of the boiler and the combustion space with an increasing 
carbon-hydrogen ratio. 

R. H. Kuss and H. W. Weeks, formerly members of the steam- 
engineering section, have classified most of the coals tested with 
boilers Nos. 1 and 2, and prepared figures 54 to 57, inclusive. These 
figures were intended to show the relation of the carbon-hydrogen 
ratio to the results of the steaming tests. 

The carbon-hydrogen ratios of figure 54 were computed from the 
ultimate analyses of boiler-room Qample» of coal by the chemical lab- 
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Wilt SI.— Coma BbovliiE the relation of the rarboii*yilrrigen ratio of eoal aa received to: Heat Tilue 

°(dryiwal(No. I); oombustlon-chainbei temperatun (No. i); poimds of dry chimney gssea per ponnd 
I "oombuatlble" <No, 3); capacity developed by boiler (No. 4); combined efficiency ol boiler and 
B«(No.B>. 
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oratori'. These ratios w«re divided into six groupa and several itenii 
in each group were averaged and platted. 

The two numbers at each point of the capacity curve indicate thi 
highest and the lowAt capacity obtained with each group of t«etB 

i 
f 

i 



COM- 

FiouBE .15.— Curves showing tli? rplation of the carbon-hydroEen ratio of air-dried coal tor Coinbliii 
eflletenoy of boiler ami Bomtiusllon spaco (No, 1), Wats 1 to 78 rim at about Uie capacity ot IbB boOi 
capacity developed by boiler (No. 2), tests 120 to 401; comblaed efflcieDcy of boiler and ctBDbDttli 
space (No. 3), Us\3 120 to 401, wasbed uid briquetted coals re]ect«d. 

As shown in figures 1 7 and 1 9, the combined efficiency varies with tl 
capacity. This variation in the capacity of each group of tea 
accounis, to some extent, for the variation in the combined efficient 
indicated by the two numbers at e&d\ vo«A- 
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've Ko. 5 shows that the combiued efficiency rises as the carboD- 
igen ratio becomes larger. According to curve No. 3, the heat 
1 the dry chimney gases remains nearly constant, bo that the lov 
ncy at the left of the curve is caused by heat loss in incomplete 
ustion (fi) and the heat carried away in the moisture in coat (c). 
3 carbon-hydrogen ratios used in the preparation of figore 55 
computed for &ir-dried 
rom the chemical data lg| 
car samples, inasmuch ^^g 
ata from boiler-room ^ 
les were not available i|^. 
he computation. It is age 
;hat the moisture in air- 
coal, and, therefore, g | ° 3 
jarbon-hydn^en ratio, |s|| 
i with the atmospheric | lal 
tions, but the variation 
small that its effect is 
mong the combined ef- a 
of other factors which |^ 
pt to vary over a con- g 1 1 
ible range. | g £ 

a data for curve No. 1 | 
obtained from the first 
laming tests. AH these g 
were run at about the s § 
capacity of the boiler | ', . 
lat the effect of the ||b 
jty is eliminated. The 1 1 a 
3 fall well aloi^ a |g 
th curve. | 

9 data for curves Nos. 2 
} were obtained from oASBON-arDtoxiEH RAno m ucr coal. 

120 to 401, inclusive. Fiodbe «A,— Ciuv» ahowtng the relation of tlie (nrboo- 

iapacity in these teste ^y'"^'^ ""o <>' ^ t«ai »»; Heat loss m co (No. ly. 

, ^ •' • J LT wnnbustton-chflinber temperature (No. 2); pounds ot dry 

1 over a considerable oblnmey gases per pound ot "oombusUbla" (No. 3); 



, and the variation ac- 
B to some extent for the 
hat the points of curve No. 3 do not fall so well along a smooth 
as those of curve No. 1. Both of the curves, however, show 
ided rise in the combined efficiency as the carbon-hydrogen 
becomes lai^er. 

) carbon-hydrogen ratios used in the preparation of figure 56 
determined from the ultimate analyses of dry coal of boiler-room 
lee. By figuring the ratio on the basis of dry coal that gaxt 
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of the hydrogen which forms tiie tne nunsture of coal is elimmated. 
The ratios were (livided into Beren groape and the aTerages of each 
group of the several items of the resulte of the steannng tests furnished 
the points shown in the figure. 

In general the indication of thia %iire is the same aathatof thelut 
two figures. That is, the oomfaaned eflKdency rises as the carbon- 
hydrt^en ratio increases. 

Curve No. 1 suggests that the low efficiency at the left of the figure IB 
caused more by the incomplete combustion of the volatile combustible 
than by exceesive supply of air; curve No. 3 shows that the latter 
remains nearly constant. 



h 



RATIO OF GaRBOHIO AVAILABLE HTDBOUEK, 

Fwr«B ST.— Curves showing Ihe rdsttoo betwwn the tatlo o[ carbon to available bydrogen and W 
comblnfd efflcieney oF^hpliollet and Uiecomhusllou ipaoe. Curve No. 1 laclndca testal toTK car" 
No. 2 IQL-ludes lesU 19) 10 3M. 

Figure 57 gives the relation between the ratio of carbon to available 
hydrogen and the combined efficiency of the boiler and the comb^ 
tion space. This ratio does not show such a good relation to the 
combine<t efficiency as any of tlie three ratios previously discussed. 
Tiie true combustible presents trouble in burning under a steam boiler 
in 80 far as it is volatile. The larger part of the difficulties in buming 
are brought about by the impurities mixed with the coal. Therefore, 
any such classification as the one under discussion, which is entirely 
independent of the impurities, is not of any service in determining 
the value of a coal for steaming purposes. 

In figure 68 the teats were grouped on the basis of the ratio of the 
hydrogen in dry coal to the available hydrogen. The available 
hydrogen was obtained from the following equation: 
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Availsbte hydn^n =- hydrogen in dry coal — — ^^^ — .. — ^ 

The ratios used in the figure are those of tests 124 to 380. Waslied 
ind briquetted coals were rejected. This ratio increases with the 
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RATlOOr BTDBOaEKINDBTCOALTO AT1II.1BLS HYBBIKIEN. 

km tS.— CirvailiowlBg tbsnlatiaa bstwego the ratio of hydneBD In dry cool toarslliblehrfto- 
(Hiuid: ConbuatiiHi-cluuTibeT temperature (No. I); tiekC loa Id CO. per cent (Ho. 2); capacity devel- 
iqwd l>T bolkr, paf oeot (No. 3); namblMd tAdncy of balls nul otmbosUBQ q«oi, per <mt(Nii. 4). 

Ttnaatioao. 

'olstUe combustible in the coal. Therefore, with the high ratios, 
ine would at least expect higher heat losses, due to incomplete com- 
nistion of the volatile combustible. Futhermore, the coals high in 
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volatile matter generally contain high percentages of ash and mois- 
ture, so that with high ratios of the hydrogen to available hydrogen 
there may be incidental loss, due to large supply of air and perhaps 
additional loss due to the escape of free hydrogen. These heat 
losses, due to the various causes mentioned, reduce the efficiency of 
coals having a high ratio of hydrogen to available hydrogen. This 
fact is borne out by curve No. 4. Curve No. 2 shows a persistent 
increase in the incomplete combustion as the ratio becomes larger. 

Considering the indications of the last four charts, the ratio of car- 
bon to hydrogen in coal as burned seems to be the best of the four 
ratios discussed for showing the value of coal for steaming purposes. 

RELATION OF THE HEAT VALUE OF COAL TO BESTJLTS OF TESTS. 

In figure 59 the grouping of the tests was done on the basis of the 
B. t. u. per pound of dry coal. The two numbers near each pomt 
of curve No. 4 show tlie highest and the lowest efficiency of each 
group of tests. Apparently, good efficiency can be sometimes 
obtained with coals low in heat value, and high-heat-v.alue coals 
may occasionally show low efficiency. The slope of the curve shows 
that in general coals low in heat value give low efficiency. This 
indication, however, is due to the ash and moisture in the coal rather 
than to the hoat value. The good low-ash and low-moisture eastern 
coals fall to the right of the figure and the lignites and other high-ash 
and hifj:li-moisturo coals to the left. The efficiency of the coals low 
in heat value is reduced by (a) high losses in the chimney gases due 
to largo excess of air as shown by curve No. 2, (6) less complete 
combustion due to higher volatile combustible in the coal, higher 
ash, and higher moisture, and (c) higher loss in the moisture in coal. 

The impurities in the coals low in heat value besides reducing the 
efficiency also reduce the capacity of the boiler to a considerable 
extent; this is shown by curve No. 3. 

RELATION OF SIZE OF OOAL TO BESXTLTS OF TESTS. 

The size of a coal undoubtedly has an effect on the results that can 
be obtained with the coal in a given steam-generating apparatus. 
In general, very fine coal does not give good results under a steam 
boiler and is undesirable for that purpose. Very large lumps are gener- 
ally objectionable as steaming fuel for obvious reasons. There is some 
certain size or combination of certain sizes of each coal that will give 
the best results in a given furnace. To determine this best size and the 
effect of decreasing or increasing it, as well as the effect of the various 
mixtures of the various sizes of the various coals, would be a laborious 
problem, similar to working a problem of permutation and combma- 
tion by the ordinary arithmetic method. Such determination would 
require accurate sizing and mixing and a great many duplicate tests be- 
fore the exact relation would be determined. The steam-engineering 
section of the fuel-testing plant could not go into such specialised 
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lines of investigation. It haa, howcTer, done the beat it could imdei 
the given conditions to shed some light on the question of the beet size 
of coal. Commencing with test 101, the percentages of the various 
sizes constituting the mixtures in the coals tested have been deter- 
mined accurately. From the percentages of the mixture the average 



AVEIUOB DUMEIEa OT OQAIa UCOm, 
FloVBB 60.— CuTTO abinrliig the rclslLon ol the average dlBmsur of coal to: CombLned Bfflcltocr '^ 
boLler end combustion spars (No. 1); ovfr-all efDclem;]' of tbcs(«uii-genecatiiimii>araRu(No. 3):ti»' 
[D3*lndr)'ehIaiDeTEB9ra(Ko.3); rBdlattoauidunaccaiml«l-lailon«a(Na.4|;ha>tloaaininalitimfi>niK^ 
bf bDmlng brdrogni {No. G); bat loit Id maDtUTa ol coal (No. B); hmt loa In CO (No. 7). All \li0 
of Uubcat baluica are eipmsed Bs penwitagu of the heat of " combunlbli " BeocDdlng from th« gnU. 

diameter was computed as a fictitious value of one size coal. The 
percentiles of the various sizes and the average diameters are given 
in Table 4. How near or how far this average diameter is equivalent 
to the one-size coal is a question not easily determined. The reader 
may try his own scheme of determining tiie average value of size. 
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In figures 60 and 61 some of the tests have been grouped on the 
asis of the average diameter of the coal. The object of preparing 






n 

l« 

b 
i 

I 

I 



tsiFBK Bl.—CDrvMdiowliig the r^atkm of the sverage diameter of coal to: Flne^gaa temperature (No. 1); 
poDnds of drr Aliniur a*s« per pMind of ■'aaiBliasUbIe"(No. 9); oapwltr derelc^Md b7 boiler (No. I); 
moisture In ooal as And (No. 4); aab In coot w fired (No. G); nilptuu In coal aa fired (No. 6). 

he two figures was to show the effect of the diameter of the coal on 
he TMults of the tests. To ehminate other factors as far as possible 
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only tests made with Illinois coals were used in the preparation of 
the two figures. 

According to curves Nos. 1 and 2 of figure 60 the best results were 
obtained with coals having an average diameter between 1 and 1.25 
inches. Curves Nos. 4 and 7 suggest that the lower efficiency 
obtained with the smaller and the larger sizes was due to less com- 
plete combustion. The heat loss up the stack, both in dry gases and 
the combined moisture, remained nearly constant. The less complete 
combustion was very likely the result of local deficiency of air. 

Cui*ve No. 3 of figure 61 shows a considerable rise in the capacity of 
the boiler as the average diameter of the coal increases from 0.5 to 
1.25 inches. However, for very large sizes the capacity drops agam. 
The capacity curve is roughly parallel to the efficiency curve — ^that 
is, the two rise and fall together. 

Curves Nos. 4, 5, and 6 show to what extent moisture, ash, and 
sulphur were active causes of the change in the efficiency and the 
capacity. The drops in the percentages of moisture and ash are 
quite perceptible up to the point of the highest efficiency; un- 
doubtedly these drops were a factor in the rise of the efficiency. 

In the preparation of figure 62 all tests were used, regardless of the 
nature of the coal, and on that account the indication of the figure 
is misleading. The good coals of the Pocahontas type crumble easily 
and in the figure fall to the extreme left, while tough and low-^ade 
coals keep in larger lumps and in the figure fall to the right. The 
clxart shows, therefore, not only the effect of size but also the com- 
bined efTect of volatile matter, ash, moisture, and sulphur. This is 
the reason why the smallest coal shows the highest efficiency. Figure 
62 is presented merely to show that grouping tests indiscriminately 
and platting the averages of the groups does not always give reliable 
indications. 

SPECIAL TESTS MADE ON ACCURATELY SIZED BITUMINOtTS COALS. 

There were seven steaming tests made at the fuel-testing plant with 
mixed bituminous coals that had been accurately sized previous to 
testing. The coal of each test consisted of but one size and had been 
obtained by passing the mixture through a revolving screen having 
round perforations of various sizes. The coal originally came from 
several mines located in the Illinois and Missouri coal fields and was 
accidentally mixed in a general heap in consequence of a fire in the 
washery plant. 

Figure 63 shows some of the many variations encountered when 
making steaming tests on sized coals. Each of the points in the 
figure represents a single test made on a single size of coal. 

Curves Nos. 1 and 7 indicate that the various sizes were not of the 
same chemical composition; both the carbon-hydrogen ratio and the 
ash in the coal are higher in the small-size coal. It is natural that 
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ITXBAOE DUKKTSR OF OOAI. UtCBBS. 
TunmK S3.— Cuivga ahowliig ths ■apposed relation of the avenge diameter Dt cob 
dumlMT tanpeiktnn (No. 1); Sue-ess tempeistun (No. 2); capacity developed by boiler (No. 3J; 
poondj ot dry dtinmey gaae* per pound or "combustible" (No. 4); combined effloleucf of boiler and 
oambaatloi>apue(Na.K); completanees of combustion (No. S}j cuban-hydiogen ratio In dry ooal (No. 
J);iUlDOfoubratosTillabl<hydneBD(Nc.S). 



email coal should contain more aah than the larger sizee, because the 
dirt ia more friable than the coal itself, and therefore it crumbla 
easier and finds its way into the small coal. 



F10DBBS3.— Curves Hhowlng the Bfteclot the slwolOTBlon: CarboD^irdrogeD ratio In dry ooaHNo. 1); 
onnbliied efficlenc; ol boiler and combiutlon space (No. 2); din«i«Dce between dntC In itock and dnH 
OTSillre(No. 3]; pouridgol dryoool burned p«r M)UU« Sxitol grate area per luiiir(Ni>. 1); oapoeltf 
developed by boiler (No.S); pound! of diroldmney fatKa per pound of "oambufUUe" (No. (); tA 
In coal u Ored (No. T). 

The high carbon-hydrogen ratio of the small-aize coal can be 
explained in two ways. Some of the coals constituting the mixture 
were finer than the others, and it may have happened that this small 
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coal also had a high carbon-hydrogen ratio, so that the small sizes 
contuned a great deal more of the coal haying a high carbon-hydrogen 
ratio than did the large sizes. Or it may be that the combustible ad- 
hering to the slate and other ash constituents has a great deal higher 
carbon-hydrogen ratio than the rest of the combustible; on this sup- 
position, since the small sizes ran higher in ash, they would also 
have a higher carbon-hydrogen ratio. 

Curve No. 2, giving the combined efficiency of the boiler and the 
combustion space, is rather irregular, but on the whole it can be said 
that the efficiency remains about constant as the size of coal increases. 
However, from the fact that the capacity rises from 70 to 100 per 
cent (curve No. 5), the efficiency is improved as the size of the coal 
increases. Figure 23 shows that for a similar rise in capacity with 
Illinois coal the combined efficiency drops about 3.5 per cent; there 
is, therefore, at least that much gained with the larger sizes of coals. 

Curve No. 6 shows that whatever may be lost in the incomplete 
combustion due to higher rates of burning the coal, shown by curve 
No. 4, is perhaps gained by the reduction in the air supply. 

These seven tests show that the best results were obtained with 
coals passing over the ^inch holes but going through the l-inch 
b.oles in the screen. This best size is somewhat smaller than the best 
average diameter, as shown in figures 60 and 61. It is a question, 
Uowever, whether the results of single tests can be trusted. 

^BLATIOir OF SMOKE TO THE CHEMICAIi COMPOSITION OF COAL 

AND THB BESTJLTS OF TESTS. 

In figure 64 the tests are grouped on the basis of the percentage of 
black smoke. The object of preparing the figure was to find the 
clauses of smoke formation and what effect smoke has on the results 
of the tests. 

Smoke is a visible evidence of incomplete combustion. Any factor 
in the composition of coal which tends to decrease the completeness 
of combustion is likely to be the cause of smoke. The main cause, so 
far as the coal is concerned, is a high percentage of volatile matter 
and the heavy carbon-hydrogen compounds which high volatile 
matter produces in the boiler furnace. Minor causes of smoke may 
be ash or sulphur in coal, which may produce a local deficiency of 
the air supply. 

In the operation of the furnace the factors causing smoke may be 
a high rate of combustion and a general deficiency of air supply, caused 
by a thick fuel bed. 

Curves Nos. 2 and 4 show that incomplete combustion increases 
with the percentage of black smoke. Curves Nos. 5, 6, and 7 indi- 
cate some of the factors in the composition of coal which cause smoke. 
The presence of oxygen in coal would not perhaps produce smoke, 
but the oxygen and the volatile combustible in coal rise together, so 
that it may be said that curve No. 6 suggests high volatile matter as 
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the cause of smoke. The same cause is suggested by cuires Nob. 6 
and 7. High volatile coals usually contain a high percentage of a«h 
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FioiTBE 64.— Corves BhowliiK tbe tdBtlon of imoktlOrnutLan to: Combined efficlolOT of boiler and M«- 
buMlou >psc« (Ko, 1): nuHotlan ui(luiucDciuaMd-lDrlogMi(Na.S):oombnstUnMlumbert«np«ntiii* 
(No. 3); heal losa la CO (No.*); oiygen In dry coal (No. 6); available bydrogai In "oombnstible ■• {He- 
6);aiedcaibon(No.7]. 

and moisture, bo that these last two constituents may also be considered 
as causes of smoke formation. 
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speciaxj observations in connection with the 

regular steaming tests. 

Besides taking the regular observations during the steaming tests, 
he steam-engineering division endeavored to carry on as many 
pecial investigations in connection with the tests as time and the 
equipment available for the work permitted. Some of these investi- 
[ations brought interesting and valuable results, others for various 
easons resulted in failure. Those that brought at least partial suc- 
ess are discussed in detail under this heading, and are as follows : 

(1) Study of the circulation of water in the tubes of a Heine boiler. 

(2) Effect of firing on the temperature at three places in the Heine 
rnace. 

(3) Boiler-furnace gases and their composition at various places in 
e boiler setting. 

(4) Comparison of gas samples obtained with the box sampler 
c^onmiended by the American Society of Mechanical Engineers, and 
ose obtained with' a single perforated tube. 

(5) Gas-mixing structures in the combustion chamber. 

(6) The effect of a special air-tight boiler setting on the economy. 

(7) Comparison of results obtained on boilers Nos. 1 and 2 with 
ose obtained on boilers Nos. 5 and 6. 

(8) Measuring the temperature of gases among boiler tubes. 

rXTDY OF THE CntCXTULTION OF WATEB IN THE TT7BES OF A 

HEINE BOILEK. 

The study of the circulation of water in the tubes of a Heine boiler 
as made by means of a specially constructed instrument called the 
rculation indicator, which could be placed in any water tube near 
le rear end. The instrument consisted essentially of a four-blade 
ropeller revolving on a shaft and having attached a small commu- 
itor by means of which an electrical circuit was closed once in each 
I volution of the propeller. An electric battery and a telephone 
sceiver were placed in the circuit. By placing the receiver to his 
tr an observer could hear a sharp click every time the contact was 
Ade on the commutator and thus count the number of revolutions 
: the propeller. 

Figure 65 shows a location of the circulation indicator in the rear 
: one of the tubes in the third row from the bottom. The details 
F the instrument and the method of mounting it in the boiler tubes 
shown somewhat more in detail in figure 66. 

There are seven principal parts which go to make up the instru- 
lent, namely, the propeller, the commutator, the brush, which rests 
Q the commutator and makes the contact, the shaft, the supports 
r bearing of the shaft, the battery, and the receiving instrument, 
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which maj be either a (elei^one nettr&r or uoj suitable reeording 
imtniment. 

The propeller is made up of four copper bladea secured to spokee 
and set at an angle of 30" vith the shaft of the propeller. The spoka 
are attached to a piece of brass tubing which acts as a hub and also 
supports a little commutator. 

"Hie commutator consists of an insulating glass drum about 1| 



FiouBE 65.— DlBgram showing locallon otdiculatlon Indicator Id a Hebn bollti. 

inches long fixed to the liub of the propeller. A strip of copper about 
J inch wide and ^"1 inch thick is bound to the glass drum with copper 
wire and is electrically connected to the hub and to the shaft of the 
instrument. 

The brush is a piece of watch spring supported on a copper bar tJiat 
is insulated from the instrument by mica washers. It is arranged at 
right angles to the contact strip with its free end resting thereupon 
80 aa to make and break contact with the copper strip once eyery 
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volution of the propeller. A copper wire which cotmecta to a tele- 
lone receiTer on the outside of the boiler through s 2-ToIt battery 
fastened to the brush support and is insulated by means of rubber 
bing at the point where it passes out of the boiler between the 
tnd-hole cover and the water leg. The other wire from the telephone 
reiver is grounded to the boiler aa shown. By using a low voltage 
1 the line the current is not short-circuited to any extent by the 
&ter in the boiler. 

The shaft on which the propeller turns is a piece of hard brass wire 
x>ut i inch in diameter and about 16 inches long. Two collars 
tached to the shaft, one on each side of the support, serve to keep 
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e shaft from moving back and forth. Another collar in conjunction 
th a cotter pin in the end of the shaft holds the propeller in place. 
The support for the shaft, at the end nearest the wheel, is a bar of 
ase with a hole in the center for the shaft and a slot on each end. 
leee slots, which engage on the outside edge of the boiler tube, as 
own, facilitate centering the instrument and changing it from 
e tube to another. The other support for the shaft was obtained 
' drilling a hole through the center of a hand-hole cover and fitting 
e latter with a stuffing box made from the gland of a valve. 
In the operation of this instrument the flow of water in any boiler 
be into which the circulation indicator may be placed causes 
e wheel to rotate at a speed proportioutd to the rate of the flow 
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of water through the tube. The angle of the blades of the pro* 
peller is such that one reTolution of the indicator means approxi- 
mately the passage of 1 linear foot of water. That is, if the propeller 
makes five revolutions per second, the water passes through the 
particular tube at the rate of 5 feet per second. 

The relation of the revolutions of the propeller to the rate of 
flow of the water through the tube is similar to the relation existiiig 
between the revolutions of the locomotive drivers and the speed 
of the locomotive. If the drivers are 1 yard in diameter, then 
with every revolution of the drivers the locomotive moves 3.14 
yards. If the drivers are revolving at the rate of five revolutions 
per second the locomotive moves on at the rate of 5x3.14 yards 
per second. 

The rate of rotation of the circulation indicator in all the trials 
made has never been too high for an observer to coimt the clicks; 
no difficulty was therefore encountered in keeping a record of the 
rate of flow in any boiler tube under the varying conditions of the 
operation of the boiler 

Several instruments were built and tried before success was attained. 
At first the propeller was fixed to the shaft and the shaft was made 
to revolve in the inner support and the stuffing box in the hand- 
hole cover. With this arrangement the revolutions could be counted 
by looking directly at the shaft protruding out of the stuffibag box. 
This construction was not found to be quite satisfactory on account 
of the necessary friction in the stuffing box which retarded the 
motion of the propeller. It served the purpose only of showing 
the direction of the circulation. This type of construction was 
abandoned and the one was adopted with the electrical method of 
taking observation, previously described. 

EFFECT OF CLEANING FIRES AND OF FIBINO ON THE WATER CIRCTJU- 

TION IN THE BOILER TUBES. 

Figure 67 shows the effect of cleaning fires, and of firing, on the rate 
of water circulation in a boiler tube, as measured relatively by the 
circulation indicator illustrated in figures 65 and 66. The instrument 
was placed in the rear in the middle tube of the third row from 
the bottom. The readings were taken by recording the number of 
revolutions in a 15-second interval and from such data the temporary 
rate in revolutions per minute was calculated and platted in figure 67. 

The circulation varied considerably and was quick in its changes. 
During the cleaning of the fire it was slow, but as soon as the cleaning 
was over and the first coal was fired, the circulation increased imme- 
diately. Each successive firing increased the circulation toward a 
normal rate. The curve showing the circulation of water after the 
cleaning of the fire, is very similar to the curve of the temperature iB 
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the combustion chamber given in figure 60; that is, the tceipoatun 
and the water circulation rise and drop together. Undoubtedly the 
change in temperature in the combustion chamber is the cauM of the 
variation in the water circulation. 

BEIATIOK BETWEEN THE OIBCTTLATION Or TATBB AND THE CAPACITT 
DEVELOPED BT TH^ BOII.XX. 

Figure 68 has been prepared to show how the circulation of water 
through the boiler tubes is affected by the capacity. The readings 
on which this figure is based were taken for several days. The values 
given in the figure were obtained by counting the total number of 
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revolutions of the circulation indicator for each half-hour period; 
and by calculating the percentages of the rated horsepower devel 
oped by the boiler for each such period. The figures inside of thi 
circlea give the number of half hours fulfilling the coordinate value 
of the points. After platting, the points were averaged in value ii 
both horizontal and vertical strips, each point being included in avei 
aging as many times as indicated by the number in the circle. Thi 
vertical and the horizontal averages lie very nearly on the eame curv 
so that only one has been drawn in the figiu^. 

The important indication of figure 68 is that the circulation rap- 
idly drops behind the amount of steam made, especially at high rates 
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king. Thus at 70 per cent of rated capacity the average speed 
ition of the indicator was 80 revolutions per minute. At 105 
at of rated capacity the rate of revolution was 102, whereas to 
portional to the capacity it should have been 120; the speed of 
ition fell about 15 per cent short. This lagging in the circula- 
I reasonable in view of the fact that, so far as one can make 
>eculations, the circulating forces are perhaps roughly propor- 
to the amount of steam that is generated and entrained with 
sing water, whereas the frictional resistance to circulation is 
)s proportional to the square of the average velocity of circu- 
This failure of circulation to keep up proportionally with 
ids on it must decrease the efficiency of the boiler at higher 
:>f working, by allowing a proportionally larger percentage of 
iter-heating surface to be covered with steam bubbles, thus re- 
; the effectiveness of the heating surface. The result of this 
ion is less complete absorption of the heat from the gases and a 
n the efficiency of the steam-generating apparatus. That the 
icy does drop is indicated in figures 17, 19, 21, and 23, which 
[ be noted in this connection. 

a later date the circulation indicator was put in the middle 
»f the lowest row of tubes, this being one of the tubes inclosed 
f tiles except at the rear end where the gases enter the tube 
)er. The revolutions per minute for various capacities are 
in the following table: 

Speed of circulation indicator for variotu boiler capacities. 



PerMntue 

of rated 
honepower 
developed. 


Number of 
reading!!. 


Revohi- 
tioiwper 
minute. 


58.2 

91.4 

118.2 

92.2 


78 
8 
7 

13 


217 
267 
273 
291 



number of revolutions at any capacity is approximately three 
as great as the number shown in figure 68, for the second row 
es from the bottom. 

m earlier experiment the same circulation indicator was placed 

third row of tubes from the top of the boiler, and it was found 

bhe rate of revolution was very slow indeed. The receiver 

indicate two or three slow revolutions and then 10 to 20 
is passed without any sign of motion of the instrument, 
ugh the friction of the propeller on its axis was very small, it 
sible that the motion of the water was too slow to overcome 
riction. 

I results obtained with the circulation indicator show that the 
31 row of tubes is doing far more work than any other row, and 
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that as we go from the bottom row up the amount of woik^ 
the tubes rapidly decreases. 

The fact that the bottom row of tubes absorbs so large ap 
of the total heat, which heat is transmitted mostly by'cond 
through tlie clay tiles and by radiation to the exposed portion 
tubes in the rear over the hot brickwork, makes it easy to ledia 
the efficiency of the boiler as a heat absorber may well rise Ik 
rapidly i^-ith increasing furnace temperature than is indicated 
equation for heat absorption from Uie gases due to convectiai 
as given and explained (on pages 347 to 350) under the t 
''Principles involved in heat transmission in steam boilers/' 

The results of the study of the boiler-water circulation sag| 
consideration a feature in the construction of the boilen. 
feature which perhaps applies to most horizontal water-tube 
is the advisability of large water connections between the wafai 
and the steam drum, in order that the water may pass thrai]{j 
freely and thus the circulation through the tubes be hindl 
little as possible. To make this point clearer let us assume the^ 
case of the Heine boiler the average velocity of water drc 
tlirough all the water tubes is 60 feet per minute at rated ca 
as that figure is not perhaps very far from the actual value. So 
total cross-sectional area of the tubes is 6.7 square feet the tal 
discharge about 6.7 cubic feet of water per second into thi 
water leg. Now it is plain that if the water passage from thi 
leg into the steam drum is 2 square feet in area, the velocity 
water througli tliis passage would be over 3 feet per second, 
calculation does not take into account the presence of steam 
greatly increases tlie volume of the mixture so that its velc 
l)erhaps double tliat figured above and is sufiicient to raise thi 
in the front of the steam drum about 6 inches above the norma 
level. If tlie area of the passage Ls smaller and the velocity 
mixture liigh a water fountain may be formed in the front of the 
drum and affect the quality of steam. Or, on account of 
creased pressure in the front water leg the circulation in the 
rows of tubes may be reversed, which is perhaps equally undei 
inasmuch as the steam formed in these tubes always has a tendi 
rise and therefore will tend to flow in the direction of the from 
leg and thus retard the water circulation. As it is genera 
mitted that water circulation is essential to good operation of a 
all water passages should be made such as to offer as little res 
to the circulation of water as possible. 

EFFECT OF FIRING ON THE TEMPEKATUBE AT THBEB P 

IN THE HEINE FUBNACE. 

Figure 69 shows the effect of firing two different coals on tl: 
perature at three places in the Heine furnace, namely, in tl 
bed, above the fuel bed, and in the rear of the combustion ch 
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The temperatures were measured with the Waimer optical pyrom- 
eter. Individual readings of each series of measurements were taken 
every 30 seconds. Owing to the fact that only one pyrometer was 
available, the three series of temperature measurement were not 
taken simultaneously, but one after another, as shown in the figure. 
The pyrometer was standardized before and after each set of 
observations. Between the two standardizations the pyrometer was 
never disconnected from the battery. 

The upper three series of temperature readings were taken during 
i test made with an Ohio coal which was comparatively high in 
volatile matter. The lower three series were taken during a test 
nth. a West Virginia coal low in volatile matter. 

The temperature in the fuel bed was taken through an opening 
•bout 1) inches in diameter in the side wall about in the middle of 
he length of the grate and about 4 or 5 inches above it. In order 
hat the temperature in the fuel bed could be measured, an iron pipe 
I inches in diameter was thrust through the opening in the side wall 
ito the hot fuel and again withdrawn, leaving a small tunnel extend- 
ig 6 to 10 inches into the bed. The temperature of the interior of 
lis tunnel was measured with the pyrometer, looking in through the 
ole in the wall. Whenever the tunnel caved in it was immediately 
3built by the appUcation of the iron pipe as mentioned above. 

The temperature above the fuel bed was measured through an 
pening about in the middle of the length of the grate and about 15 
iches above it. 

The temperature in the rear of the combustion chamber was read 
brough an opening in the side wall about 2 inches in diameter, 2 feet 
:om the inside of the rear wall of the furnace, and about 10 inches 
•elow the tubes of the boiler. 

Figure 69 shows clearly the following three things: 

(1) During and shortly after each firing the temperature over the 
ire and to some extent the temperature in the fuel bed drops, and 
he temperature in the combustion chamber rises. The explanation 
3 that the distillation of the volatile matter is a cooling process and 
3 undoubtedly a partial cause of the drop of temperature in the fuel 
)ed and over the fire. Other causes of the drop in the temperature 
ire the evaporation of the moisture in the coal and the inrush of the 
Jold air through the open furnace doors. The volatile matter dis- 
•iUed from the fuel bed is burned in the combustion space, causing a 
ise in the temperature at the rear of the combustion chamber. As 
he quantity of volatile matter distilled diminishes the temperature 
u the fuel bed and particularly over the fire rises and the tempera- 
iure in the rear of the combustion chamber drops. 

(2) The peaks in the curve of the combustion-chamber tempera- 
•ure and the depressions in the curve for the temperature over the fire 

99133**— Bull. 23—12 19 
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are wider for Ohio No. 8, a coal high in volatile matter, than for West 
Virginia No. 19, a coal low in volatile matter, indicating that the 
volatile matter is distilled off and burned in a shorter time with the 
West Virginia coal than with the Ohio coal. 

(3) Combustion-chamber temperature is much higher with the Ohio 
coal than with the West Virginia coal, while fuel-bed and over-fire 
temperatures are higher with the latter than with the former coal. 
This contrast indicates that most of the West Virginia coal bums on 
the grate and only a little in the combustion space, while the opposite 
is true of the Ohio coal. 

In figure 70 is given a comparison of the combustion-chamber tem- 
perature taken with the Wanner optical pyrometer and the rise in 
temperature of water from a water-jacketed gas sampler inserted 
in the rear of tlie combustion chamber. A mercury thermometer 
was inserted into the water outlet of the gas sampler illustrated in 
figure 73 and was read simultaneously with the optical pyrometer. 
As the water supply for the gas sampler was about constant the tem- 
perature of tlie water leaving the sampler varied with the tempera- 
ture in the combustion chamber; thus it was possible to obtain quali- 
tative data on the changes of temperature inside the furnace, which 
data furnished a partial check on the correctness of the optical 
pyrometer. 

As sliown in tlie figure, the temperature curves of the water from 
th(^ ^as sanij)l(T aj^eo very well with the temperature obtained with 
t\n) ()j)ti('al jnTometor, except tliat the temperature of the water lags 
sli<^litly. TJie elevation of tlie temperature at A, B, and C in the 
water temperature curves is due to the reduction of pressure in the 
water main caused by taking water into the measuring tanks for feed- 
ing tlie boiler. This reduction in water pressure decreased the water 
supply to the gas sampler, thus causing its temperature to rise. But 
for this circumstance the curve would run as shown by the dotted 
lines ADC. The results of these observations show that temperature 
measurements made with the pyrometer are at least relatively 
correct. 

BOILEB-FTJKNACE GASES AND THEIR COMPOSITION AT VABIOTTS 

PLACES IN THE BOILER SETTING. 

GASES LEAVING THE FUEL BED. 

When, in the case of hand firing, a fresh charge of bituminous coal 
is spread over a hot fuel bed, the coal is heated up rapidly and part 
of the combustible is distilled off shortly after the coal reaches the 
fuel bed. This distillation is a cooUng process and lowers the tem- 
perature in the fuel bed and over the fire. The evaporation of the 
moisture in the coal further lowers the temperature over the fire. 
The distilled volatile combustible is carried into the combustion space, 
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lere it is more or less completely burned, thereby raising the tem- 
rature in the combustion space. That the variation of the tem- 
rature is as stated is shown in figures 69 and 70. 
The combustible which is distilled from the coal during the first 
o or three minutes after firing is mostly in the form of gas and tar 
pors. Of the two forms, the latter bums with considerable diffi- 



IS 



Ity, and if not consumed in the furnace it is condensed by the 
Dling action of the boiler to liquid or semiKquid globules of a dark, 
rry substance, which forms a part of the black smoke at the top of 
e stack. The gases bum comparatively easy, and only a small 
antity escapes unbumed when there is a reasonable amount of 
mbustion space. 
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Table 6 gives the composition of the gases leaying the fuel bed for 
three minutes immediately after a firing. The gas was collected 
through a water-jacketed gas sampler, shown in figure 73. The 
length of time during which each sample was collected was 30 seconds, 
each sample being held in a separate bottle. The samples were col- 
lected and analyzed by Peny Barker, chemist of the steam engineering 
section. 

Table 6. — AnalyMes of gates leaving Juel bed for three minutes after a firing, 
[Trat No. 504. Boiler No. 4. Feb. 4, 1907. Cool, CoUinsyflle^IU.; nut.] 



Time during which sample wm 
taken. 



Pw cent by vdimw. 



First half minute . . . 
Second half minute. 

Third half minute.. 



Fourth half minute. 

Fifth half minute... 
Sixth half minute.. 



CO^ 


o,. 


CO. 


CaHa. 


H^ 


CH«, 


7.6 


2.3 


18.3 


0.2 


1.0 


1.2 


6.0 


1.0 


19.8 


.3 


3.6 


1.4 


4.7 


.7 


20.1 


.4 


/ 5.5 
\ 5.8 


2.6 
2.5 


4.8 


2.2 


17.4 


.4 


\ 5.0 


4.5 
4.3 


5.9 


1.4 


19.1 


.2 


7.6 


3.0 


6.6 


1.6 


15.8 


.0 


6.8 


4.1 



Total 

combos- 

tible. 



20.7 
25.1 
28.6 
28.8 
26.5 
27.1 
29.9 
26.7 



The gases in the column with heading CnHa are the iUuminant 
series Callj, C3II4, etc. ; they were determined by absorption in fuming 
sulphuric acid. Hydrogen (Hj) and methane (CH^) were obtained 
by the explosion method; COj, O2, and CO were determined by 
absorption in the sohitions as used in an Orsat apparatus for the 
same purpose. The tar vapors, upon entering the water- jacketed 
gas sampler, were condensed to liquids or solids and could not be 
determined by a volumetric method. 

These analyses show one feature which is worth noting, and that is 
the percentages of H3 and CII4 are low immediately after firing and 
gradually increase during the three minutes, while the illuminants 
reach a maximum after about two minutes, and decrease to zero at 
the end of the third minute. The quantity of the illuminants is 
somewhat in coincidence with the appearance of smoke, which fact 
makes it probable that they are partly responsible for the floating 
carbon forming part of the smoke. Possibly these hydrocarbons are 
first reduced to carbon and methane before they bum. The carbon 
thus precipitated from the gases may become incandescent and cause 
a long, luminous flame. 

The percentage of CO remains high during the entire period of 
three minutes, while that of COj is comparatively low. The high CO 
is partly the product of distillation of volatile matter and partly the 
result of decomposition of COj. In the lower layer of the fuel bed 
the carbon bums with oxygen to COj, then as the CO2 passes through 
the upper layer of hot coke or coal, a molecule of CO2 takes an addi- 
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tional atom of carbon and is reduced to two molecules of CX), according 
to the equation : CO, + C = 2C0. 

The temperature of the fuel bed is so high that although the fuel bed 
itself may be thin a lai^e percentage of the CX), is reduced to CO. 
This is the process which is employed to gasify fuel in a gas producer. 
In the latter case the temperature is comparatively low, therefore 
the fuel bed is generally thick in order that the time of contact of CO, 
with the hot coke may be increased and as much of the CO, as possible 
be decomposed. 

That a laige part of the CO, is decomposed into CO in fuel beds of 
only such thickness as are used in the boiler furnaces is shown by W. 
Wielandt's laboratory experiments, described in Gasbeleuchtung, 
1900, pages 335 and 574. In these experiments coke was burned in an 
iron cylinder lined with fire clay and having a cubical capacity of 2.3 
liters. Simultaneous gas samples were taken at three different heights 
above the grate and analyzed; the analyses of the samples have shown 
the following percentages of CO, and CO: 

Analyses of gas samples taken at different heights in the fuel bed. 



Sample 
No. 


Height 
above 
grate (cen- 
timeters). 


COi (per 
cent). 


CO (per 
cent). 


1 
2 
3 


3.5 

9.5 

15.5 


13.42 
12.80 
11.17 


9.56 
12.71 
15.42 



In these experiments the temperature was about 1,700° C. The 
results show that CO, was formed in the lower part of the bed and 
was then reduced to CO in the upper part. 

In another experiment of Wielandt the air supply was kept con- 
stant, but the thickness of bed was varied. The results are shown 
in the following table : 

Analyses of gas samples taken from fuel beds of varying thickness. 



Sample 
No. 


Depth of 
bed (cen- 
timeters). 


COa (per 
cent). 


Os(per 
cent). 


CO (per 
cent). 


1 
2 
3 


9.0 
4.5 
1.5 


12.55 
18.97 
12.29 


1.17 

.59 

8.16 


11.06 
.93 
.03 



The results of this experiment show that as the depth of the bed 
decreases the percentage of CO falls off and that of CO, increases 
until the maximum CO, content is reached. A further decrease in 
the thickness of the bed increases the percentage of O,. The thick- 
ness of bed giving the best combustion was about 4.5 cm.; a bed of 
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such small thickness in a Bteam boiler furnace would be extremel; 
difficult to keep free from holes. 

The percentage of CO formed when COj ia in contact with hot 
carbon depends upon the temperature of the carbon and CO,, and 
to a certain measure upon the length of time of contact. Up to 
a certain limit the higher ih» temperature and the longer the time 
of contact the greater the percent^e of CO formed, although the 
exact relation is not a direct proportion and varies somewhat with 
the form of carbon. Figure 73 shows this relation when the carbon 
is in the form of coke. The figure has been prepared from the results 
of experiments made by J. K. Clement and L. H. Adams at the Uni- 
versity of Illinois, and published in Bulletin No. 30 of that institution. 
The experiments were made with laboratory apparatus. The coke 



Fjovbe Tl.-Cun-™ ahowfng Ihe efTwt of tho Ifmperature and the lime of contact on the pereentsgf (* 
CO fonnwl, Keith curve gWm Ihe pcrccnlngc of CO nt B constant temperature as Indicated. Tim 
rtsuliKaltxperlaumlji of Cltmcnl und Adams, llnivfrHlly of Illlnola Bulleltn No. 30. 

was cmslied into uniform-sized ])ieces about 5 mm, in diameter and 
placed in a porcelain tube of 1.5-cm. inside diameter. This tube 
filled with the coke was kept at the desired temperature in a specially 
constructed electric furnace. The temperature mside of the tube 
was measured with a platinum thermocouple. Carbon dioxide was 
passed through the tube at a rate which was kept constant during 
any one single test but which varied with different experiments, 
The gas leaving the tube was analyzed for CO^ and CO. 

Figure 71 shows that with low temperatures the percentage of CO 
formed was low, even though the time of contact was long, Witt 
higher temperatures— aay above 1,200" C. or 2,192° F. — a laige pe^ 
centage of CO was formed in a very short time of contact, lius, 
for example, with the temperature at 1,000° C. (1,832" F.), and after 
the gas had been in contact with the coke 50 seconds, the gas con- 
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sisted of 62 per cent of CO and 38 per cent of CO,. But when the 
temperature in the tube was 1,300° C. (2,372° F.) the gas after a 
contact of only 4 seconds analyzed 98 per cent of CO and 2 per cent 

of CO3. 

Inasmuch as the temperature of the fuel bed in a boiler furnace is 
generally above 2,400° F. (see fig. 69), the gases leaving the fuel bed 
are apt to be high in CO and low in CO,, even though the bed may be 
only a few inches thick. Gas analyses given in Table 7 and the 
experiments of Clement and Adams show that a boiler furnace is a 
fairly good gas producer. 

In this connection it may be well to give the results of another set 
of similar experiments made by (dement and Adams at the fuel- 
testing station of the Bureau of Mines, at Pittsburgh, Pa. The appa- 
ratus and the methods of experimenting were the same, but instead 
of CO2 superheated steam was passed through the porcelain tube 
filled with soft-coal coke. The object of this experiment was to 
determine the eflfect of temperature and time of contact on the 
decomposition of steam when in contact with hot carbon. The 
results are shown in figure 72. According to these results much more 
steam is decomposed with very short contact when the temperature 
is above 1,200° C. than with much longer contacts when the tem- 
perature is below that point. These results give data on how much 
of the steam that is sometimes blown under the grate or of the mois- 
ture in the coal is decomposed and what the products of decomposi- 
tion are. 

Numerous observations show that the average temperature of the 
fuel bed in the steam-boiler furnace is about 2400° F. When steam 
is passed through the fuel bed the length of time the steam is in con- 
tact with the hot coal is perhaps from one to two seconds. If the 
contact lasts one second we find from figure 72 that the resulting 
mixture of gases contains 28 percent of steam (the heavy curve No. 6), 
36 per cent of CO (the broken heavy curve No. 6), and 35 per cent 
of Hj (the light soUd curve No. 6). If the time of contact lasts two 
seconds the resulting mixture will contain only 4 per cent of steam, 
50 per cent of CO, and 44 per cent of Hj. The remaining 2 per cent 
consists of CO2 and CH4. If the time of contact lasts four seconds 
practically all the steam is decomposed. We may then deduce from 
these curves that, ordinarily, by far the larger part of the steam 
introduced under the grate is decomposed in the fuel bed, and that if 
the amount of idr suppUed over the fire is insufficient this decomposed 
steam may pass out of the furnace unburned. The fact should be 
kept in mind that the oxygen of. the decomposed steam does not 
leave the fuel bed in its free state, but that it is combined with carbon, 
mostly in the form of CO, and, therefore, is not available for the com- 
bustion of the free hydrogen. It is possible that the higher incom- 
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plete combuatioD losses with coals high in moiature can be accounted 
for by the partial decomposition of the moisture in coal, and these 
products of decomposition do not again bum in the combustion 
space of the furnace. 

Figures 71 and 72 suggest the operation of a gas producer at high 
temperatures, which will not only make the gas much richer, but it will 
make it possible for the same producer to gasify several times as 
much fuel as when operated at low temperatures. 

The figures also surest that in a foundry cupola air should be 
introduced at several places along the vertical column of the coke 
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and tlie metal. In the usual way cupolas are now operated the mr 
is introduced only at the bottom of the cupola. The oxygen of the 
air blast burns to COj within a few inches from the bottom. As the 
CO2 i)asst!3 up tlirough the hot coke above, it is reduced to CO, and 
as there is no air added above this laj'er where the reduction takes 
place, the CO passes out and bums with a hot flame when it comes 
in contact with air at the top of the stack. Thus a great deal of the 
fuel used for melting the metal is wasted. At the same time the 
reduction process of COj cools the upper layers of coke and metal 
and delays the melting. 
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The gases learing the fuel bed are high in combustible Dot only in 
the case of the hand-fired furnace, but also when the coal is burned 
with a mechanical stoker. Table 7 gives the analyses of samples of 
gases collected near the top of the fuel bed of boiler No. 5 furnace 
equipped with the Jones underfeed stoker. Column No. 5 gives the 
distance the end of the gas sampler protruded into the furnace from 
the inside of the wall. Hole A was in the middle of the length of the 
grate and about 15 inches above the dead plate. The samples were 
grab samples and were collected in about one second. They were 
taken and analyzed by J. C. W. Fraaer, chemist of the fuel-testing 
division. 



The analyses show the gases were richest in combustible when the 
samphi^ apparatus protruded from 16 to 21 inches into the furnace, 
or when the end of the sampler was near the burning heap of coal. 

From the gas analyses given in Tables 7 and 8 we can conclude 
that usually the gases leaving the fuel beds are rich in combustibles 
and low in free oxygen. The oxygen supplied through the grate is 
not sufficient for complete combustion of the combustible leaving 
the fuel bed, and additional air must be'suppUed through the firing 
doors or other specially provided openings. Judging from the low 
percentage of COj leaving the fuel beds, as shown in Tables 7 and 8 
(cases in which the sampler was 16 to 21 inches inside the furnace), 
the fuel bed acts principally as a gas producer; that is, it changes 
the solid fuel into gas, to which additional air must be added and the 
mixture burned iii the combustion space. These facts prove the 
importance of spacious combustion spaces in all furnaces burning 
soft coals. 

It should be remembered that Tables 7 and 8 give only the analyses 
of the gaseous constituents of the combustible leaving the fuel bed. 
A considerable quantity of the combustible leaves the fuel bed in the 
form of tar vapors which condense in the water-j acketed gas samplers 
and are not included in the analyses herein discussed. 
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BUBNINO OF OASES AS THET PASS THBOUOH THE COMBUSTION SPACE. 

It has been pointed out in the preceding discussion that the gases 
leaving the fuel bed are rich in combustibles and deficient in free 
oxygen. For this reason some provision to supply air above the 
fuel bed is made in most of the commercial appliances designed to 
bum soft coal. The importance of the gas-mixing devices and of 
the combustion space has also been realized. Furnaces designed to 
bum soft coal generally have large combustion space; the gas-mixing 
structures, however, are still in the experimental stage, their chief 
drawback being lack of durabiUty under the high temperatures 
which good fuel economy requires. The gas analyses given in Table 8 
show the effectiveness of the combustion space in the Heine furnace. 

Table 8. — Analyses of gas samples collected at the top of fuel bed and rear ofcoTribustion 

chamber. 



1 


Time. 


CDs (per 
cent). 


Oi(per 
cent). 


CO (per 
cent). 


H,(per 
cent). 


CHi (per 
cent). 


CsHm 

(per 
cent). 


Test 364: 

Tod of fuel bed 


12.30 

12.30 

7.30 
9.30 

11.30 
7.30 
9.30 

11.30 


5.7 
12.6 

4.4 

5.4 

5.2 

13.3 

15.5 

14.6 


0.0 

5.6 

7.4 
.0 
.2 
.0 
.6 
.2 


20.3 

.0 

9.5 

23.6 

23.8 

.9 

.7 
1.0 


6.0 


2.7 


0.0 


Hear of combiution cham- 
ber 




Tent 367: 

Tod of fuel bed 


1.2 

7.8 
5.4 


2.4 
1.2 

1.8 


.8 
.2 


Rear of combuHtion chain- , 


.0 


ber ' 

















1 











The table gives the analyses of two sets of samples, one collected 
at the top of the fuel bed and the other in the rear of the combustion 
chamber. The samples were taken simultaneously at the two places 
mentioned and the duration of collecting each two was 10 minutes. 
The gases were drawn from the furnace through the water-jacketed 
samplers shown in figure 73, A. The samplers projected about 10 
inches into the furnace, both being inserted through holes in the side 
wall, the first sampler resting on the surface of the fuel bed. At the 
time these samples were collected there was no gas-mixing device in 
the furnace. 

As shown by the analyses, the combustible gas is nearly com- 
pletely burned by the time the gases reach the rear of the combus- 
tion chamber. This much can be said about the gases, but when 
we look into the furnace near the end of its combustion space very 
often we can see smoky fluid leaving the furnace. This smoky fluid 
undoubtedly consists of uriconsumed tar vapors and very small par- 
ticles of soUd carbon. These two last combustible ingredients need 
very much more time for their complete combustion than do the 
gases. It is not difficult to burn the gases ; it is the tar vapors and the 
solid small particles of floating carbon which present the difficulty in 
the combustion of soft coals. 
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INTILTRATION OP AIB INTO THE BOILER SETTING. 

The air entering the furnace through the small openings and cracks 
in the firing doors is useful, and is to a great extent necessary for 
the complete combustion of the gases and tar vapors leaving the fuel 
bed; in fact, air entering the furnace through any opening in the 
walls may be of some benefit for the combustion of the fuel, and 
therefore need not be always regarded as harmful. But the air 
entering the boiler setting beyond the furnace where no combustion 
is taking place is always detrimental to good economy inasmuch as 
it lowers the temperature of the products of combustion thus making 
less heat available for absorption by the boiler. All brick boiler 
settings are more or less lealqr, and, even if well cared for and the 
cracks constantly patched, there will be a considerable air leakage 
into the boiler setting. 

At the fuel-testing plant at St. Louis, Mo., a man was almost con- 
stantly employed to patch up the leaks in the settings of the boilers, 
nevertheless considerable leakage was shown by the analyses of the 
flue-gas samples collected at different places. Table 9 gives the 
analyses of two sets of gas samples, one collected in the rear of the 
combustion chamber and the other at the base of the stack. Those 
collected at the rear of the combustion chamber were drawn through 
the water-jacketed gas sampler; those taken at the base of the stack 
were drawn through the single-tube sampler described on page 32. 
The collection period of each sample was 30 minutes ; the two sam- 
ples, one at each place, were taken simultaneously. The object of 
taking these gas samples was to determine the leakage of air between 
the place where the gases leave the combustion chamber and the 
place where they leave the setting. 

Table 9. — Analyses of samples collected simultaneously at the rear of the combustion 

chamber and at the base of the stack. 



Place. 


Time. 


COs (per 
cent). 


Os(per 
cent). 


CO (per 
cent). 


CH4 (per 
cent). 


Sum 

(per 

cent). 


Hear of charnljer .. - r ,,.,,-,..... . 


9.00 

9.30 

10.30 

12.30 

1.30 


13.4 
15.0 
14.4 
15.4 
14.6 


4.6 
3.6 
3.1 
1.8 
3.2 






18.0 










0.4 
.0 


19.0 
17.5 
17.2 






17.8 








Average 


14.5 
10.0 
11.0 
11.2 
11.0 
10.5 


3.3 
9.2 

7.8 
7.6 
7.9 
7.9 












17.8 


TtfMA of Rtank. 


9.00 

9.30 

10.30 

12.30 

1.30 




19.2 






18.8 






18.8 






18.9 






18.4 








Average 


10.7 


8.1 







18.8 
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The weights of gases per pound of carbon figured from the analy- 
ses of the gas samples taken at the two places were 17.5 and 23.2 
pounds respectively. These weights indicate that of the air supply 
shown by the gas composition at the base of the stack about 26 per 
cent leaked in after the gases left the furnace. This large air leakage 
makes it imperative that if the information obtained from the gas 
analyses is to be of any value in controlling the fire, the gas samples 
should be collected at some place before they are diluted by leakage 

AMOUNT OF AIR ENTBRINO THE BOn.BR 8BTTINO AT DIFFERENT PLACES. 

From the gas analyses given in Tables 8 and 9 it is possible to 
compute the weight of gases per pound of carbon at the three places 
where the gas samples were taken. From these computed weights 
can be approximately determined the percentages of air entering the 
boiler setting between these three points. Table 10 gives these 
computed values in a condensed form. In the first part of the table 
are the average analyses of the gases at the three places as given in 
Tables 8 and 9. The second part of the table gives the weight of 
the gases per pound of carbon as computed by the general formula: 

44xCOa-f32xOa-f28X(CO + N,) + 2H3-fl6xCH:,H-28CnH« 

12 (CO,-fCO+CH,-|-2C„H„) 

In tills formula it is assumed that CnHm is all ethylene, CjHi- 
TJic tliird i)art of the table gives the weight of air suppUed at ihe 
various j)laces ; the first column gives it in pounds and the second in 
percentage of the air as indicated by the analyses of gases collected 
at the base of the stack. As the figures indicate, most of the air is 
admitted through the firing door in front of the furnace. This air 
enters when the doors are open during the firing and through the 
special air openings ])rovi(led with the Hughes smoke preventer 
after each firing. 

The air that enters the setting between the rear of the combus- 
tion chamber and the base of the stack leaks in through the cracks 
in the side walls, around the two water legs, the steam drum and the 
walls, around the plugs in the stay-bolt holes, through the brick top 
of the boiler setting, which is usually thin, around the drop door on 
top of the boiler, and through many other apparently insignificant 
small openings. The sum of all these small leaks is a large figure 
which forms a considerable percentage of the total air admitted 
into the setting. 
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Table 10. — Average compontUm and weight ofgaMts and average weight of air admitted. 

1. AVERAGE COMPOSITION OF OASES. 
[Peroentage by volaroe.] 



Point of sampling. 

Top of fuel bed 

Rear of combustion chamber 

Base of stack 



CO^ 


0^ 


CO. 


H^ 


CH4. 


c.n«. 


5.2 

/ 14.0 

\ 14.5 

10.7 


1.9 
1.6 
3.3 
8.1 


19.3 

0.6 

.0 

.0 


5.1 


2.02 


2 


1 


t 









N,. 



66.3 
83.8 
82.7 
81.3 



2. AVERAGE WEIGHT OF GASES PER POUND OF CARBON. 



Point of sampling. 



Top of fuel bed 

Rear of combustion chamber 
Base of stack 



Pounds. 



8.4 
17.2 
23.2 



3. AVERAGE WEIGHT OF AIR ADMITTED PER POUND OF CARBON. 



Point of sampling. 



Per cent. 



Under grate 

Into furnace 

Into setting beyond combustion chamber 

Total 




100.0 



In this connection the authors again state that the settings of the 
test boilers at the Government fuel-testing plant at St. Louis were 
well cared for. All the walls were painted two or three times with 
thick bam paint and a man spent daily four or five hours in patching 
the cracks or otherwise reducing the infiltration of air, so that the 
leakage shown in the preceding discussion is perhaps smaller than 
that in the average steam plant. 

VARIABLE AIR LEAKAGE. 

The amount of air leaking into a boiler setting has significance 
only when compared with the air entering the furnace through the 
grate or firing door — that is, when expressed as a percentage of the 
total air used or of the air fed in through the grate. Thus, the 
same weights of air leaking into the setting in a given time may show 
diflFerent excesses over the most economical air supply. The same 
difference between the gas pressures inside the setting and the out- 
side atmosphere causes the same weight of air to leak into a given 
setting. However, if in one case the coal burns freely and no clinker 
is formed on the grate and if the fuel bed itself is thin, the air finds 
very little resistance in flowing through the grate and the fuel bed. 
Consequently a large quantity of air enters the furnace through the 
fuel bed and is utiUzed in gasifying a larger quantity of coal. This 
increased quantity of gaseous combustible requires also a lar^ei: ^ix 
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supply through the firing doors. Itus, in such a case, the weight 
of the air supplied through the fuel bed and through the firing doors 
is large. In another case the coal may be very fine and may have 
very fusible ash which forms soHd clinker on the grate. The coal 
may cake badly so that the whole fuel bed may be one mass of fused 
fuel. In addition to this, the fuel bed may be very thick. All 
these circumstances will greatly increase the resistance of the fuel 
bed to the flow of air, so that with the same draft as in the previously 
considered case much less air finds its way into the furnace through 
the fuel bed, and therefore much less of the coal will be gasified. A 
smaller quantity of the combustible gases will also require a smaller 
air supply through the firing doors, so that the quantity of air enter- 
ing through the fuel bed and through the firing doors is much smaller 
in this second case than in the first one. However, since the differ- 
ence between the gas pressure inside the setting and the outside 
atmosphere is about the same in both cases, the leakage in the 
second case will be much larger in proportion to the total air admitted 
into the boiler setting than it was in the first case. Thus it is apparent 
that the percentage of leakage in different tests will be different, 
and will vary with the properties of the coal and its ash and also with 
the methods of burning the coal. 

Table 1 1 gives the weight of dry gases per pound of carbon, cal- 
culated from analyses of gas samples taken simultaneously at dif- 
ferent j)arts of tlie boiler setting. As shown by the last column, the 
leakage varies over a considerable range. 

The reader should bear in mind that all the data on the composi- 
tion of the gas leaving the fuel bed and of the gas in the rear of 
combustion chamber, as well as the deductions drawn from these 
analyses, are reliable only as far as the gas sample collected through 
the water- jacketed sampler can be trusted to represent approximately 
the average gas at the respective places. 

Table 11. - -Infiltration of air through setting. 





Pounds of gas per pound of carbon. 


Leakage 
between 


Test No. 


Over fire. 


In com- 
bustion 
chamber. 


At front 
water leg. 


In stack. 


combustion 

chamber 

and stack 

(per cent). 


318 




18.38 
24.02 
23.76 
16.85 
16.17 
19.93 
19.44 
20.38 
Z3.21 
17.96 


19.20 
27.89 
25.31 
19.64 
17.88 
23.75 
22.40 
23.83 
25.50 
21.00 
23.38 


23.34 
32.42 
28.37 
23.20 
21.60 
26.51 
27.30 
31.45 
28.87 
24.42 
26.90 
25.09 
23.60 
24.26 
27.85 


21.3 
25.9 
16.2 
27.4 
25.1 
24.8 
28.8 
35.2 
19.6 
26.5 


319 




320 




321 




323 




324 




325 




326 




327 




328 




329 




330 






21.51 
18.62 
21.09 




332 








334 








344 




21.70 


22.1 
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Table 11. — Infiltration of air through setting — Continued. 





Pounds of gas per pound of carbon. 


Leakage 
between 


Test No. 


Over fire. 


In com- 
bustion 
chamber. 


At front 
water leg. 


In stack. 


combu8tk>n 

chamber 

and stack 

(per cent). 


• 


10.22 
12.12 
7.77 
11.15 
10.54 
12.73 


19.40 
17.53 
14.76 
15.78 
16.31 
22.91 
20.51 
22.15 
25.27 
20.90 
19.84 
20.68 
21.88 
20.50 
19.04 
22.48 
21.81 
19.15 
21.10 
22.29 
18.44 
21.89 
22.22 
30.90 
19.14 
20.02 
22.48 
26.26 
30.48 
25.02 
25.80 
28.21 




26.80 
24.52 
20.86 


27.6 






28.1 






29.2 












23.41 
30.25 
27.21 
25.57 
32.00 
26.78 
25.28 
29.12 
26.78 
25.16 
25.49 
29.70 
27.17 
25.30 
29.18 
26.02 
26.40 
27.73 
27.78 
37.05 
24.54 
26.48 
30.05 
34.48 
32.05 
27.72 
30.70 
32.20 


30.3 




24.25 
26.87 


24.3 




24.6 




15.17 


13.4 




27.83 
25.42 
22.50 


21.0 




15.29 
18.22 
13.65 


22.0 


. ...... 


21.5 




29.0 






18.3 








18.6 








25.3 




13.27 




24.3 






19.7 




12.45 




24.3 






27.7 






............ 


14.3 




11.77 


30.1 






21.1 








20.0 


i 






16.6 








22.0 








24.4 








25.2 








23.9 








4.9 








9.8 






•.-• 


16.0 








12.4 











ige percentage increase from surface of fire to combustion chamber, 34.4; from combustion chamber 
; leg, 11.9; from front leg to stack, 14.1; from combustion chamber to stack, 22.4. 

WATEB-JACKETED GAS SABCPLEBS. 

le construction of the water-jacketed gas sampler that was 
to collect gases from the top of the fuel bed and from the rear 
le combustion chamber is shown in figure 73, A. The sampler 
sis of a IJ-inch pipe closed at each end with a cap, and two 
h pipes. The gas is drawn through one of the i-inch pipes, 
h passes through both of the caps as indicated in the figure, 
other J-inch pipe brings cold water into the large pipe; a J-inch 
le is fitted into the latter and serves as a water outlet. Any 
ly water supply can be used to furnish the cooling water. 
le samplers B and C, figure 73, are of more recent construction, 
outside pipe is a standard |-inch pipe; the tubes on the inside 
3f drawn copper. The sampler B has a single tube for gas, 
3h in outside diameter; this tube is placed within another 
er tube of J-inch outside diameter. The cooling water is brought 
trough the ^-inch tube and returns through the f-inch outside 
and leaves the sampler through the attached i-inch nipple, 
joint at the end of the sampler extending into the furnace ia 
3d; the joint at the other end is soldered. 
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The sampler C has three J-inch copper tubes for drawing gas; 
one of these is placet! within the )-inch water-supply tube and runs 
the full length of the sampler. The second tube for drawing gas 
comes out through the side of the sam{der 11 inches from the end; 
and the tliird gas tube comes through the side 22 inches from the 




FiQUKE TX,— OiacTom showing ooDStructioa ol vatCFjwbled gu Bamplera. 

end of the sampler, or 11 inches from the end of the second gss- 
sampling tube. Thus three separate samples can be drawn simul- 
taneously with this sampler from three different points 11 indiK 
apart in the furnace. This construction saves the handling of three 
separate samplers which would require six water connections, whereas 
with the triple sampler two waiOT coraiattViQa are all that is necessaij- 
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All the joints on the part of the sampler protruding into the furnace 
are brazed; allotherjointsaresoldered. Both samplers, Band C, are 
much lighter than A, and can be handled much more easily. Another 
of their advantages is that they can be iuBerted into the furnace 
through a much smaller opening than sampler A. 

COMFABZSOH OF GAS SAMPLES OBTAINED WITH THE BOX SAX- 
PLEB RECOKMBKDBD BY TBE AHEBICAN BOCIETT OF MECHAK- 
lOAI, EKGINEXBS AMD WITH A SUTGLE PEBFOBATBD T0BE. 

Figure 74 shows the results of sampling gas aimidtaneously with 
the gas sampler recommended by the American Society of Mechan- 
ical Engineers and a single small pipe a few inches above it, reaching 
across the stack base and perforated with small holes, as described 
on page 32. It will be noticed that the multitubular sampler 
gave a more even line, on account of its containing a large storage 
space. The daily average for the two was the same within 0.1 per 



cent. But this excellent showing with the multitubular sampler was 
obtained only by constant care of it, for it gave a great deal of 
trouble from leakage. 

The current of gas through the small tubes of the multitubular 
sampler was so slow that soot and small particles of ash settled in 
them and hardened, thus gradually stopping the openings. Those 
tubes taking samples from that portion of the gas stream carrying 
the most soot and ash became stopped sooner than the others. Thus 
the multitubular sampler lost the apparent advantage which led to 
its design — the advantage of drawing a sample from every portion 
of cross section of the gas paasagfr^and thereby lost also its value 
as a sampler. I.t may be stated here that when the sampler was 
taken out after two years of usage about three-fourths of the sam- 
pling tubes were found to be stopped up, although the sampler had 
often been blown out with steam. One of the disadvantages of the 
sampler is its tendency to level all readings, so that the man running 
96133°— Bull. 23—12 20 
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the fire can not depend on it for guidance as much as he can on the 
single-tube sampler. For these reasouB the multitubular Bampler 
recommended by the American Society of Mechanical Engineers was 
permanently discarded. 

OAS-KIZINa STRTTtTrUBBS IN TRS COKBtrSTION GKAMBEB. 

On most of the teeta made at the fuel-teeting plant there wen 
special fire-brick conatructions of some kind in the combustion chun- 
ber to faciUtate the mixing of the volatile combustible and the oxygen 
of the air. The first mixing wall shown in figure 4 was built in con- 
nection with the Hu^es automatic smoke preventer. It tasted onlj 



FiavKE 7fi.— Oas-mlxing wall built la the combustkm cbsmben of boQvrs Noa. l ajtd 2. 

about two weeks and was not thereafter rebuilt during the series of 
the first 78 tests. During April and May, 1905, several attempts 
were made to build a mixing wall out of ordinary fire brick. How- 
ever, all these attempts failed, the wall melting down after two or 
three days' run. It was concluded that only large blocks made of 
the best material could for any length of time stand the high tem- 
perature and the slagging action of the gases. Consequently, a 
baffling wall, as shown in figure 75, was built of large fire-clay blocks 
18 by 12 by 6 inches. These fire-clay blocks were said to be the 
best material that could be obtained. The wall was built in three 
portions. The bottom conaiBt&d of seven blocks set up vertical!; 
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and forming pillars for an arch of six similar blocks laid diagonally 
across. The space between the arch and the tile roof was com- 
pletely filled with ordinary fire brick of a good grade, so that only 
the space between the pillars was left for the passage of the gases. 
The intention was to direct the stream of gases against the upper 
solid portion of the wall and break it into many small streams, thus 
obtaining an effect similar to that of a stream of water run against a 
solid wall. To further mix the gases, six additional large blocks were 
set up vertically back of the mixing wall and immediately in front 
of the six openings between the pillars. It would seem that the 
eddies caused by these obstacles in the path of the gases greatly 
aided the mixing. 




FIOUBE 76.— Side elevation of boiler setting, showing openings in the walls for taking temperature 

measurements. 

The first gas-mixing wall of this construction lasted about four 
months. It must be stated, however, that the tests made during 
this period were run below the rated capacity of the boiler, a fact 
that no doubt increased the life of the mixing wall. Later, when 
very hot fires and high-capacity tests were run, the mixing walls 
lasted from two weeks to a month. In these tests the temperature 
at the foot of the mixing wall was 3,000° F., or even higher. 

The following are representative temperatures at five places in the 
furnace. Each value is the average of 10 readings taken with the 
Wanner optical pyrometer. The individual readings were taken 
successively through the openings A, B, C, D, and E, shown in figure 
76, so that the given averages show temperatures taken nearly simul- 
taneously at the five places. 
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Fumaee temperaiwre$ taken during tut No. 359, 



•F. 

Temperature of fuel bed (A) 2,470 

Temperature above fire (B) 2, 586 

Temperature over bridge wall (C) 2, 

Temperature at the base of mixing wall (D) 2, 

Temperature in rear of combustion chamber (E) 2,447 

The fact that on two occasions an exposed platinum and platinum- 
rhodium couple, inserted through opening D, melted after an exposure 
of about 30 seconds is strong evidence of the high temperature to 
which the mixing wall was subjected. These mixing waUs were 
finally abandoned and replaced by piers of small fire brick set on 
top of the bridge wall. The mixing walls, however, were far more 
efiicient as smoke preventers and heat regenerators, although they 
retarded the draft considerably. 

Just how much the over-all efficiency of the steam-generating appa- 
ratus was increased by the use of such mixing structures as are shown 
in figure 75 is difficult to say. The experimenters have never been 
able to obtain any definite and reUable figures. All that the authors 
can say is that it was a general belief among the members of the 
section that the efficiency was increased 1 to 3 per cent by such & 
mixing stnicturo. To obtain definite figures it would be necessary 

to make manv tests witli the same coal in the same furnace with and 

» 

without sucli a mixing wall. 

EFFECT OF THE SPECIAL AIR-TIGHT BOILER SETTING ON 

ECONOMY. 

In Part I, pages 22 to 24, a description is given of a special 
boiler settinj^ wliich was entirely inclosed in an air-tight, sheet-iron 
casing. The object of erecting this setting was to determine (a) 
whetlier air spaces in the side walls reduce the radiation losses and 
thereby incretuse the efliciency; (&) whether by preventing air leak- 
age the heat loss in the chimney gases was reduced and the efl[iciency 
raised. It was further desired to obtain undiluted samples of flue 
gases, so tliat an accurate heat balance could be computed. 

It is to be regrettetl that no special investigation regarding the 
comi)()sition of gases at various places inside the boiler setting was 
possible and that no special gas analyses were made which would 
give exact figures on the efi'ectiveness of the sheet-iron casing to 
prevent leakage. Soon after the setting was erected several members 
of the steam-engineering section were detailed to make steaming 
tests on briquetted coals elsewhere and hardly enough men were left 
at the plant to take the regular observations. 

There were in all 85 steaming tests made with this special boiler 
setting. Table 12 shows how the average efficiency of the 85 tests 
compares with the average efficiency of 208 tests made on boilers 
with the standard brick setting. 
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The figures in the table show that nothing whatever was gained in 
efficiency* What was gained by the air-tight setting was perhaps 
lost by increased radiation. The double fire door exposed too much 
iron surface directly to the fire and thus increased the radiation from 
the front of the furnace. Furthermore, the temperature of the 
sheet-iron casing on the sides of the boiler often rose above the boil- 
ing point of water, indicating that too much heat passed through the 
air spaces in the side walls. 

Table 12. — Comparison of the efficiencies obtained with standard brick settings and the 

specud holXow-tile and air-fight boiler setting. 



Type of setting. 



Standard brick 

Hollow-tile and air-tight. 



Number of 
tests aver- 
aged. 


Combined efficiency of 
boiler and combustion 
space (per cent). 


Geometri- 
cal average. 


Arithmeti- 
cal average. 


208 

85 


65.34 
G4 69 


65.43 
64.79 



It is generally believed that since air is a poor conductor of heat, 
air spaces built into the walls of a furnace will prevent or reduce heat 
dissipation through the walls. There may be a few instances in 
which such construction of furnace walls reduces the rate of heat flow 
through them; however, in most cases the effect of the air spaces is 
just the opposite. Although heat travels very slowly through air 
by conduction, it leaps over the air space readily by radiation. 

It may be stated here that the amoxmt of heat passing through a 
given portion of a solid wall by conduction depends on the difference 
of the temperatures of the two planes limiting that portion of the 
wall. The amount of heat passing across a given air space by radia- 
tion depends upon the difference of the fourth powers of the absolute 
temperatures of the surfaces inclosing the air space. The laws gov- 
ermng the rate of heat transmission by conduction and by radiation 
are expressed by the following two equations : 



(1) 



Heat transmitted by conduction = H = -^ (T — <) ; 



where c is the heat conductivity of the material of the wall; T and t 
are the temperatures of the wall material in any two parallel planes 
not separated by air space; and d is the distance between the two 
planes. 

(2) Heat transmitted by radiation = H = C (T^* - T^^) , 

where C is the constant of radiation and T^ and Tj are the absolute 
temperatures of two surfaces separated by an air space. 

It can be readily imderstood from the nature of the two equations 
that in the case of the heat conduction through a solid ^qy1\$s^ <^1n3w^ 
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wall the loss remains approximately the same so long as the differ- 
ence in temperature of the two planes remains constant, no matter 
what the temperature of the two planes may be. On the other hand, 
the heat passing across the air space by radiation increases rapidly 
with the temperature of the inclosing siuf aces, although the (Uffer- 
ence between their temperatures may remain constant. It follows 
that the air space which is advantageous in the walls of a refrigerator 
because the temperatures are low is objectionable in furnace walls 
because the temperatures are high. If it is necessary to build fur- 
nace walls double on account of unequal expansion, the space between 
the two walls should be fdled with some soUd, nonconducting material. 
Tlus statement has been confirmed by experiments made at the 
testing plant in Pittsburgh, Pa., which are described in Bulletin 8 of 
the Bureau of Mines, entitled **The Flow of Heat through Furnace 
Widls." 

Returning to the results of the tests made with the special setting, 
it may be said in favor of the latter that the coals tested were perhaps 
of lower grade than the coals tested with the standard setting. Tak- 
ing this probability into consideration, the efficiencies of the two 
settings were about the same. 

As far as accuracy of data is concerned, it must be said that the 
flue-gas analyses and the measurements of flue-gas temperatures 
were much more consistent with the special setting, although credit 
muHt bo j)artly <^iveii to tho aj)paratu8 in the stack where tempera- 
tiiros and fkuv^as samples wero taken. 

COMPABISON OF BESXJLTS OBTAINED ON BOELEBS NOS. 1 AND 2 
WITH THOSE OBTAINED ON BOILEBS NOS. 5 AND 6. 

Boiler No. 6 was provided with a special horizontal baffle that 
caused tho gases to pass twice through the tube space of the boiler 
without passing under the steam drum. A full description of this 
special baffle is given on pages 26 and 27. The object of this 
method of baffling was to lengthen the path of the .gases through 
the tubes of tho boiler, thereby increasing the length of contact (or 
rather the number of contacts) of each particle of gas with the heat- 
absorbing surface of the tubes. The longer the contact the greater 
is the heat exchange between the gases and the heating surface. 
Therefore boiler No. 6 should show a greater heat absorption than 
boilers Nos. 1, 2, 4, and 5. 

Figure 77 compares the heat-absorbing properties of boiler No. 6 
with those of No. 5. The abscissas on tho plat are the temperatures 
in the combustion chamber and the ordinates are the drops in the 
temperature of tho gases as they pass through tho two boilers. The 
temperature drops are duo to the absorption of heat by the boilers' 
heating surfaces, and thereforo are tho measures of tho heat-absorbing 
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properties of the two boilers. Curve No. 1 shows how much boiler 
No. 6 reduces the temperature of the gases, and curve No. 2 shows 
the same thing for boiler No. 5. Thus the plat shows that when the 
combustion-chamber temperature in both boilers is 2,100" F., boiler 
No. 6 reduces it by 1,510° F., whereas boiler No. 6 reduces it by 
1,610° F. Ti the temperature of the steam in both boilers is taken as 
350° F., the available temperature drop is 2,100-360-1,750° F. 
1,510 
^1,750" 

J --^ — 0A i>Di I.DUDU1 MUl ovaiiai/-^ tL^dt. Again, when the tempera- 
ture of the combustioQ chamber is 2,600° F. boUer No. 5 reduces the 

>■' 

i ™ 

3, 
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temperature of the gases by 1,900° F. and boiler No. 6 by 2,060" F. 
The available temperature drop in this case is 2,600 — 350 = 2,250° 

F.,sothatboUerNo. 5 absorbs 2^255 = 84.6 percent, and boiler No. 6, 

2^250 "^^l-^ P®r ''^^ o^ **!*' 1^^** avjulable for absorption. This cal- 
culation based on temperatures indicates that boiler No. 6 is about 6 
per cent better as a heat absorber than boiler No. 5, taking the utmost 
available heat absorption aa 100 per cent. 

Table 13 shows how the efficiency of boiler No. 6 compares with 
the efficiency of boiler No. 5, and also with that of boilers Nos, 1 and 2. 
In the second horizontal line the efficiencies are given just as the 
averages were obtained from the results given in Table 14. 

In this line the efficiency of boiler No. 6 is 0.5 per cent below that 
of boiler No. 5, and 2.4 per cent above that of boilers Nos. 1 and 2. 
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It should be noted, however, that the average capacity of boiler No. 
6 is considerably higher than that developed by the other boilers. 
If all boilers developed the same capacities boiler No. 6 would show 
a marked improvement in efficiency over the other boilers. 

On the basis of the general relation between the capacity and thd 
efficiency, as indicated in figures 17, 20, and 23, the efficiencies of 
the second line of Table 13 have been reduced to a common capacity 
of 95.5 per cent, and are given in the fourth vertical colunm. This 
reduction makes the efficiency of boiler No. 6 0.6 per cent higher 
than that of boiler No. 5 and 4.2 per cent higher than the efficiency 
of boilers Nos. 1 and 2. Inasmuch as boiler No. 5 was baffled in 
exactly the same way as boilers Nos. 1 and 2 the superiority of outfit 
No. 5 over those of Nos. 1 and 2 lies in the mechanical stoking device. 
Better combustion was undoubtedly obtained with the underfeed 
stoker than with the hand-fired furnace. 

Tablb 13. —(Comparison of the efficiency of boilers Nos. 1 and t with that of No. 5 and 

No. 6. 





Number of 


Boiler No. 


testa 




averaged. 


1.2 


4<)1 


i) 


23 





6 



Avefaseoom- 

blned eiBoieiiey 

of boUer and 

oombtution 

space (oolumn 

81, Table 4). 



64.5 
67.4 
66. g 



Ayerage 

capacity 

developed. 



Probable com- 
bined effloienoy 
of boiler and 
combustion 
space if all 
boilers devel- 
oped same 
capacity of 
05.5 per cent. 



92.6 

95. 5 

104.4 




If tlie figures in tlio last column of Table 13 can bo trusted, the fol- 
lowing conclusions can be drawn : By substituting the underfeed stoker 
for the hand-fired furnace of boiler No. 1 the efficiency is improved 
about 3.5 per cent; l)y retaining the liand-fired furnace of boiler No. 1 
and baffling the boiler for double pass of gases through the tube spaces, 
the efficiency is improved about 4.2 per cent. In the first case the 
improvement is due to better combustion, and in the second case it is 
due to better heat absorption by the boiler by reason of the changed 
baffling. 

In judging the reUabihty of the figures given in Table 13, the fact 
should be considered that the tests made on boilers Nos. 1 and 2 were 
made with coals coming from aU over the country, whereas the tests 
made on boilers Nos. 5 and 6 were made with high-grade coals 
coming from the New River region. On tliis account the efficiency 
of boilers Nos. 1 and 2, as given in the table, is perhaps 1 per cent, 
or thereabout, too low. 
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MEASXTBING THE TEMFEBATX7BS OF GASES AXONa BOII4EB 

TUBES. 

During the second year's operation of the fuel-testmg plant at St. 
Lonis^ Mo., attempts were made to measiu-e the temperature of the 
gases as they passed among the tubes of the Heme boiler. Ten 
thermocouples, about 22 feet long, were inserted among the tubes of 
the boiler through the staybolt holes in the front water leg. These 
thermocouples were long enough to reach the entire length of the 
gas path through the tube space. They were made of copper and 
German-silver wire, as it was not expected that the temperature would 
be high enough to materially effect these metals, and platinum couples 
were out of the question on account of their high cost. The wires 
of the thermocouples were insulated with hard glass tubing and 
placed within standard f-inch iron pipes of suitable length. The 
junctions of the wires projected about i inch out of the iron pipe. 
The space between the wires and the inside of the iron pipe at the 
cold end of the pipe was well filled with cotton waste to prevent cold 
air from being drawn into the pipe and cooling the couple. 

It was planned to insert these thermocouples successively into each 
horizontal row of staybolt holes and measure the temperature of the 
gases for each foot of length in the spaces between two adjacent horir 
zontal rows of tubes. Starting with the top horizontal row of stay- 
bolt holes the junctions of the thermocouples were placed 1 foot from 
the front water leg. After two or three minutes, allowed for the couples 
to be heated to the temperature of the gases, readings of the thermo- 
couples were taken in rapid succession so as to make these readings 
as nearly simultaneous as possible. The junctions of the thermo- 
couples were then moved 1 foot farther from the front water leg and 
another series of 10 readings was taken, and so on until the tempera- 
tures along the entire length of the tube space were obtained. The 
thermocouples were then placed in the next row of staybolt holes 
below. This procedure was to be repeated until the temperatures 
in all the spaces were obtained. To facilitate rapid reading of tem- 
peratures, the thermocouples were connected to a lO-point switch. 

After the readings in several rows were obtained and studied, these 
temperature measurements were found to be inconsistent, and the 
investigations were abandoned. The temperatures indicated by the 
couples were very much the same throughout the full length of the 
tubes, and were too low. The reason for such results was that the 
junctions of the thermocouples were too close to the boiler tubes and 
were so completely surrounded by the water-heating surfaces that 
the couples measured the temperature of the surfaces rather than that 
of the gases. It should be stated here that at first the temperatures 
were thought to be low because the ends of the pipes containing 
the junctions of the thermocouples rested on the tubes, as shown 
by thermocouple B, figure 78. 
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The ends of the iron pipes containing the couples were, therefore, 
bent upward, so that the junction of the wires would be in position 
as shown by thermocouple A, but no marked improrement was 
obtained. The cooling of the thermocouple junctions took place 
principally by radiation ratlier than by conduction. What actu- 
ally happened was this: The hot gases imparted heat to the juiM> 



FiauBB 78.— Dlagnm abowlnK method of meaaurlng tempcntoiea among baOet tubes. 

tion of the thermocouple by convection; that is, some of the 
particles of the gas came into actual contact with the junction and 
transferred to it part of the heat that they contained. As soon u 
tlie junction absorbed this imparted heat its temperature rose above 
that of the surrounding tubes and heat was radiated from the junction 
to the cooler surfaces of the tubes;" consequently there was a con- 

a Foe the law Eoveniln£ the rata otheM tranter bf ndlUlai), Me p. SM. 
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3tant exchange of heat in the junction; heat was received by it from 
the gases, and again radiated to the tubes. When equiUbrium was 
acquired, that is, when the thermocouple indicated a constant tem- 
perature, the heat received from the gases was exactly equal to the 
heat radiated to the tubes. When the temperature of the junction 
was constant it was, for the reason stated above, somewhere between 
the temperature of the gases and that of the surfaces of the tubes. 
The investigation has shown that it was much closer to the tempera- 
ture of the tubes than to that of the gases. 

Although the above investigation failed in its primary purpose, 
which was to obtain the temperature drop of the gases as they passed 
among the tubes, it revealed the fact that it is difficult to measure 
the temperature of gases surrounded by surfaces cooler or hotter 
than the gases themselves. 

One may say that it is impossible, with ordinary direct methods, 
to measure the temperature drop of the gases as they pass through 
any boiler. By direct methods is meant any method which is based 
on the assumption that a thermometer bulb or a thermocouple, or 
any other soUd object placed within the stream of gas will be raised 
to the same temperature as the gas. Such assumption would be 
very nearly true if there were no heat loss or heat gain on the part 
of the inserted object to or from the surrounding surfaces. 

THE INCOBBECTNESS OF FLTTE-GAS TEMPEBATTJBES AS TTSXTALLY 

OBTAINED. 

The investigations described in the preceding section cast con- 
siderable light on the accuracy of the measurements of flue-gas 
temperatures. Usually the thermometer is inserted in the breeching, 
or in the uptake where the bulb of the thermometer is exposed to 
wall or metallic surfaces which are cooler than the gas scrubbing the 
thermometer bulb. The thermometer constantly radiates heat to 
these surfaces; therefore the thermometer bulb is cooler than the 
gases passing it. The nearer the thermometer to the boiler's surfaces, 
the lower will be, in general, the reading of the thermometer; the 
extreme of such misleading readings may be obtained by placing the 
thermometer among the water tubes of a boiler. 

The following is an actual case of very low flue-gas temperature 
measurement which was caused by placing the thermometer too near 
the heating surfaces of tubes. Recently one of the authors visited 
a Pittsburgh boiler plant where tests were being conducted with a 
special furnace equipment. The engineer in charge showed him 
tabulated results of a boiler test made with the equipment. These 
were some of the items: 

Steam pressure at gage, jwunds 162 

Flue-gas temperature, °F 386 

Efficiency, per cent 78 

Temperature corresponding to 162 pounds pressure, °F S71 
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The above figures show that the flue-gas was only 15^ F. hotter 
than the water in the boiler. This would be a very good heat absorp- 
tion indeed if the temperature measurements were correct. How- 
ever, on investigation of the methods employed in the measurements 
of the flue-gas temperature it was found that the thermometer was 
inserted among the tubes at the end of the third pass of the usual 
Babcock & Wilcox three-pass boiler. What the thermometer really 
did measure was the temperature of the surrounding tubes. The 
actual temperature of the gases at that place was periiaps 200 to 
300° F. higher. 

As another instance of low flue-gas temperature readings can be 
given the results obtained in a test made on a Stirling boiler at the 
Williston plant of the United States Reclamation Service.** 

The principal parts of the boiler and setting are shown in figure 79. 

The coils of horizontal tubes shown at the end of the last gas 
passage are preheaters for air to be introduced into the furnace 
through openings in the bridge wall. For the purpose of measuring 
flue-gas temperatures a mercury thermometer was inserted into the 
uptake through an opening in the top rear door; its location in the 
uptake is shown in the figure. The bulb of the thermometer was 
about 1 foot above the preheating coils, midway between the wall 
and the rear drum, and about 3 feet below the damper. The distance 
between tlie wall and tlie rear steam drum was 18 inches. The top 
half of the nest of prelieating tubes received the cold air directly 
from a fan blower, and the temperature of the tubes was perhaps 
100 to 150° F. The temperature of the rear steam drum was prob- 
ably below 352° F., the temperature of steam corresponding to 125 
pounds ^ago pressure. The temperature of the top rear door was 
not, j)erhaps, over 100° F. The temperature of the damper above 
was probably 500° F. The thermometer bulb received heat from 
the ^ases wliich were scrubbing against it, and radiated heat to the 
comparatively cold surfaces surrounding it; therefore, the ther- 
mometer indicated a temperature considerably below that of the 
gases. This fact was discovered by placing another thermometer 
in the hood of the stack about four feet above the damper. The 
hood of the stack extended over the uptake of another boiler which 
formed one battery with the test boiler. During the testing this 
other boiler was banked and the flue gases which were at a very low 
temperature entered the same hood of stack as the gases from the 
test boiler. There was no partition separating the two halves so 
that the cool gases from the banked boiler could partly mix with those 
from the test boiler and lower the temperature of the gases from the 
test boiler. Furthermore, the sheet iron of the hood always radiated 
a considerable quantity of heat and was, therefore, colder than the 

a For details of these tests see Bureau of Mines Bulletin 2. 
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gases on the iiudde. ConsequentJy tJie thermometer bulb in the 
stack lost some heat by radiating it to the sheet iron of the hood, 
and was also at a lower temperature than the gas passing it. Never- 
theless, the thermometer in the hood indicated a temperature which 



Fkivbx n.— Boiler aetUog at tlw paver plant of the United Blslea KeclamatioD Service, Williabii], 
N. Dak. The figure shows the location of two thermometers for measuring flue-eas tern peratima. 

was about 100° F. higher than the temperature indicated by the 
thermometer in the uptake. This difference of temperature was 
doubtless due to the close proximity of the cold preheating coils and 
the rear steam drum. Table 14 shows the temperature as obtained 
by the two thermometers. 
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Table 14. — Flut-goB iemperaiiuret obtained at two placea in a boiler setting. 



Test 
No. 


Reading of thennometcr above 
damper (• F.). 


Reading of thermometer below 
damper (• F.). 


AvefBge. 


Maximum. 


Minimum. 


Average. 


Mazimom. 


Minim imi. 


1 
2 
8 
4 
5 



442 
470 
559 
436 
473 
519 


450 
500 

024 
470 
520 
555 


435 
435 
320 
385 

420 
465 


374 
373 
457 
379 
418 
448 


400 
410 
510 
425 
460 
475 


335 
350 
360 
326 
355 
400 



NoTB.— After test No. 6 all readings of flue-gas temperature were taken above the damper. 

It must be added that the thermometers were exchanged several 
times, but their indication persistentljr bore the same relation as 
regards position, no matter what thermometer was used. 

Perhaps after reading this discussion the reader will better appre- 
ciate the value of the special device used in connection with measuring 
the flue-gas temperatures in boilers Nos. 4, 5, and 6. Often great 
care is taken to calibrate a flue-gas thermometer to within one degree 
and then the instrument is placed carelessly in the uptake or boiler 
setting and correct results are expected or claimed without paying 
any attention to the disturbing effects of cooling surfaces. Certainly 
no person would hang a thermometer in the sun and claim that the 
temperature indicated by it was the temperature of the surrounding 
air; or, in a parallel case, the reading of a thermometer placed 
between two pieces of ico in a warm room would not indicate the 
temperature of the air in the room. Still, when it comes to meas- 
uring the temperature of a stream of gas the indication of a ther- 
mometer is taken to be absolutely correct, because the thermometer 
is known to be correct, without regard to the temperature of the walls 
of the vessel holding the gas. 

Gases are permeable to radiation, a fact that makes the correct 
measurements of gas temperatures a high art. 

RfiSUMfi OF SPECIAL. PLANT AND FIELD INVESTIGA- 
TIONS. 

The steam-engineering section made the following special investi- 
gations at the plant and in the field : 

(a) Experiments on heat transmission as applied to steam boilers. 

(6) Experiments relating to movement of gases through steam- 
generating apparatus. 

(c) Steaming tests with briquetted and run-of-mine coal on U. S. 
torpedo boat Biddle. 

(d) Steaming tests with briquetted and run-of-mine coal on a loco- 
motive of the Seaboard Air Line Railway. 

(e) Steaming tests with lignite at the Reclamation Service plant 
at WilUston, N. Dak. 
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HBAT-TBAHSmSSION SXPEBIXBirTS. 

The heat-transmissioii experiments were made at the St. Louis 
plant with a laboratory apparatus consisting of a small multitubular 
boiler and an electric furnace. In these experiments air was heated 
slectrically and passed at various velocities and temperatures through 
bhe flues of the boiler. The object of the experiments was to deter- 
mine the effect of the temperature and the velocity of gases on the 
rate of the heat impartation by convection to the heating siu-f aces of the 
boiler. The heat imparted to the boiler was measured by condensing 
and weighing the steam made in the boiler. The initial temperature 
of the air was r^ulated by means of a water rheostat which controlled 
the electric ciurent to the furnace. 

The pressure drop necessary to move the air through the furnace 
and boiler was obtained with a steam ejector placed in the exit end of 
the apparatus. With this arrangement a total pressure drop up to 24 
inches of water could be obtained. Five series of tests were run with 
initial temperatures of the air at 700, 900, 1,200, and 1,500'' F. The 
velocity of the air through the boiler was kept constant for any one 
test, but varied for the different tests in the same series. 

Experiments were made with four boilers, all having 10 flues of 
drawn copper tubing and the same external diameter, 4^ inches. 
Three of the boilers were 8 inches in length, and had flues of three 
different diameters. The object of experimenting with these three 
boilers was to determine the effect of the diameter of flues on the 
true boiler efficiency. The fourth boiler was 16 inches long; the 
object of experimenting with this boiler was to study the effect of 
the length of the flues on the true boiler efficiency. 

The electric furnace was of the resistance type and consisted of six 
coils of pure nickel wire. 

There were made with these boilers 237 reliable tests varying in 
length from 20 minutes to 2 hours, according to the rate of working 
of the boiler. High-capacity tests were short and low-capacity tests 
were long. 

The following are the principal deductions drawn from these ex- 
periments: 

When the temperature of the air entering a boiler remains constant, 
the rate of heat impartation to the boiler flues by convection increases 
nearly in direct proportion to the velocity of the air passing through 
the flues. This is particularly true beyond a certain velocity which 
is called the critical velocity. 

When the velocity of the air remains constant the rate of heat im- 
partation to the flues by convection increases when the initial tempera- 
ture rises, but not in direct proportion to the rise. The increase in 
the rate of heat absorption becomes smaller for equal rises in the 
initial temperature as the latter becomes higher. 

Beyond the critical velocity the true boiler efficiency is nearly con- 
stant for any rate of working and for any initial temperature. 
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The critical velocity increases when the temperature rises and seems 
to drop when the diameter of the flues is increased. 

Increasing the diameter of the flues decreases their efficiency as 
heat absorbers; that is, flues of large diameter are less efficient than 
flues of small diameter of the same length, although the laj^e flues 
have more heating surface. The higher efficiency of small tubes is 
due to the fact that the average distance of each particle of gas from 
the flue is shorter and therefore each particle of gas comes oftener in 
contact with the surface of the flues. It is not the amoimt of heating 
surface which determines the efficiency of a boiler, but the cross- 
sectional area of the gas passage and the arrangement of the surface 
with respect to the flow of gas. 

Increasing the length of flues increases their efficiency, but not in 
direct proportion; the increase in efficiency becomes smaller with 
every successive addition to the length of the flues, so that increasing 
the length of flues beyond some certain value is not good economy. 

The capacity of any boiler can be increased by passing larger 
weights of gases over its heating surfaces, provided that the initial 
temperature is the same. 

The efficiency of any boiler can be increased by making the gas 
passages smaller in cross section in comparison to the length. This 
can be done either by reducing the cross sections of the individual gas 
passages, keeping their length the same, or by increasing the length of 
the ^as passages, keeping their cross sections the same. 

The detailed description of these heat-transmission experiments 
and the discussion of the results are given in Bureau of Mines Bulletin 
No. 18, entitled ''Heat Transmission into Steam Boilers.^' 

EXPEBIMENTS RELATING TO MOVEMENTS OF GASES THROUGH 

STEAM-GENERATING APPARATT7S. 

During the months of March and April, in 1908, the steam-engineer- 
ing section made a series of experiments with the object of obtaining 
data on which to base the study of the effects that the resistance 
of the fuel bed and the boiler has on the pressure drops and the weight 
of gases flowing through the steam-generating apparatus. A small 
laboratory apparatus was used which consisted of a glass tube about 
1 J inches in internal diameter and 18 inches long. Within this tube, 
which was placed in a vertical position, were two beds of shot sup- 
ported on wire screens. One of these beds, kept at a constant thick- 
ness, represented the boiler. The other bed, varied in thickness in 
the different experiments, represented the fuel bed. The glass tube 
was connected by an iron pipe to a measuring tank of 10 cubic feet 
capacity. 

Air was made to flow through the glass tube containing the two 
beds of shot by filling the measuring tank with water and then 
emptying it. The flow of air through the tube was regulated by 
the manipulation of the water valve in the emptying and filling of the 
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tank, which was proyided with a gage glass so that the amount of 
water in the tank could at all times be estimated. The pressure 
above each bed was measured by a U-tube manometer. 

Experiments were made with the air flowing in either direction 
through the tube and beds of shot. The exact time of starting and 
stopping each experiment was noted. During the experiment one 
observer operated the water valve so as to have the air pressure 
indicated by the manometei as uniform as possible, the pressure 
seldom varying as much as 10 per cent from the average. Another 
observer read and recorded the air pressures and temperature as 
often as convenient. Thus, the duration of the test, the volume of 
air displaced, and its temperature being known, the rate of flow of air 
for each diflFerence of pressure and each thickness of shot bed could 
be computed. 

Laboratory apparatus was used in these experiments in preference 
to large boilers because of the low cost of construction and ease of 
manipulation. To make such experiments on large boilers would 
not only be too costly but also inaccurate, because on such a large 
apparatus it would be diflBcult to. control the conditions so as to 
have only one or two varying quantities while holding the rest fixed. 
Those who have ever tried to get even relative figures on the resistance 
of hot fuel beds, or who have attempted to measure the weight of 
gases flowing through a boiler, will reaHze how diflScult, not to say 
hopeless, a task it would be to make such experiments on a large 
boiler. Shot was selected for the experiments because of its regu- 
larity and uniformity of size and the comparative ease with which 
the aggregation of the spheroids with respect to one another can be 
reproduced. 

In all, 125 reliable experiments were made. Two sizes of shot 
were tried. No. 8, which averaged about 0.0974 inch in diameter, 
and No. 4, having an average diameter of 0.125 inch. 

The principal deductions relative to steam-generating apparatus 
drawn from these experiments can be stated as follows: 

(a) When the total pressure drop and the temperature remain 
constant the pressure drop through the fuel bed increases when the 
resistance of the bed increases, although the exact relation may not 
be a direct proportion. 

(6) When the thickness of the fuel bed is increased the pressure drop 
through it must be increased in the same proportion if the weight of 
air is to remain the same; that is, when the thickness of the fuel bed 
is doubled the pressure drop through it must be doubled if the weight 
of air passed through it is to remain constant. 

(c) When the total pressure drop from ash pit to uptake remains 
constant the weight of gas passing through the steam-generating 
apparatus decreases when the pressure drop through the fuel bed 
increases. This deduction follows from the deduction under (a). 

99133**— Bull. 23—12 ^21 
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{d) When the pressure drop through the fuel bed and the thickness 
of the bed remain constant the weight of air passing through it will 
increase with the size of the coal; the relation between the two seems 
to be approximately a direct proportion. 

Further details and the results of these experiments can be found 
in Bureau of Mines Bulletin 21. 

TESTS OF &XJN-OF-MINB AND BBIQX7ETTED COAL ON THE TOE- 

PBDO BOAT BIDDLE. 

The fuel tests conducted at Norfolk included a detailed investi- 
gation of a number of Virginia and West Virginia coals that are 
bought by the United States Gbyemment for the Navy and for use 
in constructing the Panama Canal. The same coals are also exten- 
sively used by the merchant marine, manufacturing plants, and 
railroads. Through a cooperative arrangement with the Navy 
Department steaming tests of the coals were undertaken with the 
object of determining the relative merits of the same coal when 
burned in run-of-mine form or as briquets under marine boilers. 

The tests were made on board the U. S. torpedo boat Biddle, desig- 
nated for that purpose. The results of these tests were published 
in United States Geological Survey Bulletin No. 403, and have been 
reprinted in Bureau of Mines Bulletin 33. 

• The main object of these tests was to determine whether the use 
of briquetted coal on torpedo boats has any advantages over the 
use of run-of-mine coal. Besides the economy obtained with 
briquetted and with raw coal, the following properties of the two 
fuels were given particular attention: (a) The tendency to smoke; 
(6) the amount of sparks emitted from the stack; (c) the rate at which 
steam can be made and the ease with which the fires are handled; 
(d) the ease of transferring fuel from the coal bunkers into the fireroom. 

The coal used in these tests was all run-of-mine and came from four 
different mines, all of which are located on the Chesapeake & Ohio 
Railway, and in the New River coal field. 

Jamestown No. 6 coal came from the Sewell bed at Red Star, Fay- 
ette County, W. Va.; Jamestown No. 9 coal came from the Sewell 
bed, mined near Winona, Fayette County, W. Va.; Jamestown No. 10 
coal came from the Beckley bed, at Stanaford, Raleigh County, 
W. Va., and Jamestown No. 11 coal came from the Beckley bed, at 
West Raleigh, Raleigh County, W. Va. 

Part of the Jamestown No. 6 coal was made into briquets, 6i by 4i 
by 3 inches in size, at the United- States fuel-testing plant on a briquet- 
ting press built in England. The compression on these large briquets 
was about 2,500 pounds per square inch. The binder used was 
6 per cent of water-gas pitch. 

Portions of the Jamestown Nos. 9 and 11 coals were made into 
briquets circular in horizontal section, 31 inches in diameter, 2f inches 
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thick in the center, and 1} inches thick at the circumference. The 
compression on these small briquets was about 1,000 pounds per 
square inch. In both coals the binder used was 6 per cent of water- 
gas pitch. 

The torpedo boat Biddle is 157 feet in length on load water line, 17 
feet 7^ inches extreme beam, and 175 tons displacement. Its equip- 
ment includes two triple-expansion engines and two water-tube 
boilers. The boilers are in separate boiler rooms, one at each end of 
the engine compartments, the fronts of the boilers facing the latter. 

The two boilers are exactly alike in size, construction, and setting 
(fig. 80). Only the forward boiler was used for tests. It is of the 
curved water-tube type known as the Normand boiler. 

The furnace is placed imder the steam drum between the two nests 
of water tubes and the mud drums. It is equipped with a plain grate 
for hand firing. In the front portion of the boiler on both sides, the 
first and second rows of tubes next the furnace are so curved and 
placed with respect to each other that they form a nearly gas-tight 
baffle. On the outside of each nest of tubes the last two rows are 
similarly placed along the full length of the boiler. 

The products of combustion flow to the rear of the furnace, where 
they enter the tube nests through the spaces between the tubes, 
which are left open for the piuT)ose. Through the nests of tubes 
the gases flow to the front of the boiler and there turn up into the hood 
and out through the stack. 

The principal dimensions of the boUer and furnace are shown in 
Table 15. 

Table 15. — Dimensions of Normand water-tube boiler and plain-grate furnace. 

Diameter of steam drum inches . . 35. 43 

Length of steam drum do 150.00 

Diameter of mud drums do 10. 75 

Length of mud drums do 141.75 

Diameter of downcomers do 10.76 

Number of tubes 1,552 

Outside diameter of tubes inches . . 1^^ 

Approximate length of tubes do 75. 5 

Total heating surface square feet. . 2, 776. 19 

Length of furnace feet.. 9.16 

Width of furnace do 6.40 

Height of furnace from grate to steam drum do 4. 66 

Height of furnace from grate to bend of tubes do 3. 76 

Approximate combustion space above grate cubic feet. . 136 

Distance from front of furnace to opening among tubes feet. . 5. 5 

Length of bars .' inches. . 37. 5 

Average width of grate bars on top do 375 

Average width of afr spaces do .56 

Air spaces in grate (approximate) per cent. . . 55 

Area of grate square feet . . 58. 6 

Ratio of grate area to combustion space 2. 33 

Inner dimensions of stack inches. . 36 x 40 

Height of stack above grate feet. . 15 

Figure 81 shows four spark catchers in position as used during 
the tests. The shape of the end inside the stack is nearly a sector 
of a circle covering an angular area of 9^, so that the total area covered 
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by the four spaifc catchers is 0.1 of the total crosa-sectional area of 
the stack. 

In starting and closing the tests a modification of the "alternat« 
method" was used. The boiler was kept under steam pressure all 
night with a low fire coTeriog the front third of the grate. About one 
hour before starting a test the fire was spread over the whole grate 
and gradually built up to 3 or 4 inches in height. During this build- 
ing of the fire about 500 pounds of coal were put Into the furnace. 
The tests were brought to a close as nearij as possible under the same 
conditions as they were started. 

After closing a test the free ash was removed from the ash pan, 
weighed, and the weight charged to the test. The fire was then 
burned down entirely; the clinkers were puUed out through the fire 
doors, weighed, and also charged to the test. It was impracticable 
to clean the fire before the close of the teat on account of the lower 
edge of the fire door being 14 inches above the grate. 

In all, 21 testa were made; 10 with nm-of-mine coal, 3 with large 
briquets, and 8 with small briquets. The averages of the data taken 
during the test and the calculated results are given in Table 16. 

Table 16. — Sumnuiry of observed data and ealeulaUd itemi of tl U*U made with At 
forward boiler, U. S. S. "BiddU," Dec. 6, 1907, to Jan. 87, 190S.<' 
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SECTION THROUGH STACK ON A-Q-B 
FiQiTBE 81.— Si>ark catchers for Normand boiler and their attachment to stack. 
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The following conclusions ftpply only to the tests of New River 
run-of-mine couls when burned under a boiler of the Normand 13716 
and on vessels of the torpedo-boat class: 

Tliere is little or no gain in efficiency in burning briquets of either 

Both lai^e and small briquets make as much (or more) smoke as 
run-of-mine coal. 

There seems to be ijiore flaming in the stack with briqueta than 
with run-of-mine coal. 

About the same amount of sparks are emitted from the stack 
whether briquetted or run-of-mine coal is burned. 

When burning briquets the fire does not need to be disturbed; with 
coal the fuel bed has to be broken up, generally after each firing. 

A somewhat higher boiler capacity can be obtained with briquets 
than with run-of-mine coal. 

Steam can be raised more quickly with briquets than with run-of- 
mine coal. 
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Run-of-mine coal is transferred much more readily than briquets 
from the coal bunker to the fireroom. 

With briquets the capacity of a coal bunker is reduced by 23 to 27 
percent. 

TESTS OF BUN-OF-MINB AND BBIQT7ETTED COAL IN A LOCOMO- 
TIVE BOILEB. 

In connection with the fuel-testing work at Norfolk comparative 
steaming tests were made on a locomotive boiler with run-of-mine 
coal and the same coal formed into briquets of two sizes. These tests 
were imdertaken to add cumulative evidence to work done at other 
places. They were made possible through the courtesy of the Sea- 
board Air Line Railway Co. in supplying both the locomotive and the 
coal used. During the trials the locomotive stood on a side track in 
the shop yards of the railway company at Portsmouth, Va. No run- 
ning tests were made. These tests were published in United States 
Geological Survey Bulletin No. 412, and reprinted in Bureau of Mines 
Bulletin 34. 

The primary object of the tests was to study the relative perform- 
ance of the two types of briquets and of the coal, with reference to 
efficiency, tendency to smoke, and the ease with which steam could 
be kept up, when each of the three varieties of fuel was burned at sev- 
eral rates of combustion. One object kept especially in mind was the 
finding of ways for working locomotive boilers harder. 

All the coal was run-of-mine from the Turkey Gap mine, working 
the Pocohontas No. 3 bed at Ennis, McDowell County, W. Va. Part 
of it went to the briquetting section of the fuel-testing plant at Nor- 
folk, where it was made into two sizes of briquets. 

The smaller of these two sizes was circular in horizontal cross sec- 
tion, 3i inches in diameter. Its vertical cross section was nearly 
oval, 2i inches high at the center and 1 i inches near the circumference. 
The larger size was rectangular in either cross section, its dimensions 
being 3 by 4 J by 6f inches. The small briquets were compressed at 
about 1,000 pounds and the large ones at about 2,500 pounds per 
square inch. The pitch used was approximately the same in kind 
and percentage.** 

The locomotive used in these tests was of the 10-wheel, freight 
type, built in 1906. The ,principal dimensions of its furnace and 
boiler are given in Table 17. 

a For a detailed description of methods of manufacture and physical tests of briquets see Briquetting Tests 
at Norfolk, Va., Wright, C. L., U. S. Oeological Survey Bullethi No. 385, 1909. Reprinted as Bureau of 
Mines Bulletin 30. 
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The furnace was equipped with a fire-brick arch supported by 
four 2^inch water tubes. The position and construction of the arch 
are shown in figure 82. 




FiQVBE 83.— Arch Id locomotlTetiiRiace. 

Figure 83 shows tlie internal arrangement of the smoke box. The 
partition CDE, and the spark screen HJK, separates it into three 
chambers, which are designated a, h, and c. Chamber a receives the 
gases as they leave the boiler tubes. From chamber a the gases fiow 
through the contracted passage between G and L into chamber h. 
The sparks are deflected upward from their straight course by the 
plate LM and thrown against the screen HJX; they are partly 
broken by impact against the deflecting plate and the screen, and 
the small pieces pass through the latter and out through the stack. 
Larger pieces are deflected back and fall down toward the apron, 
most of them into the tugbrvelocity CrXjiEeiA qI ?,»& ■w'sic^ Q.^am huris 
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them against the deflecting plate and the screen; eventuatly prac- 
tically all of the sparks pass through the stack. The purpose of all 
these fittings in the smoke box is to reduce the size of the spa^ 
before ejectment so as to make them lees noticeable and lees dangerous 
to fields, buildings, etc. 

Figure 83 shows also the location of draft-gage connections, flue-gas 
sampler, and a thermometer for making approximate measurements 
of flue-gas temperature. The flue-^as sampler was made of J-inch 
pipe, having the free end plugged and I'j-inch holes driUed on both 
sides in staggered rows. It extended nearly across the smoke box. 



The draft pipe was of J-inch pipe, with no holes in the sides, and had 
its open end situated at the center of the smoke box. The bulb of 
the thermometer was placed close to the end of this pipe. 

Figure 84 shows, attached to the stack, the spark catcher espe- 
cially designed and constructed for these teste. Its object was to 
collect the sparks from a sector of the exit end of the ^tack, the 
sector constituting one-tenth of the total exit area so that the total 
weight of sparks leaving the stack was approximately ten times the 
weight collected in the receptacle. 

A modification of the "alternate method" was used in starting 
and closing tests. Fire was kindled with wood on a clean grate and 
built up rapidly with coal. As soon as the steam pressure had 
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nsen to 200 pounds the fire was leveled and the test started. This 
preparatory firing took one to two hours and required the burning of 
300 to 500 pounds of coal. Closing conditions of the test were made 
as nearly as possible the same as those of starting. 

After the close of the test the fire was btu-ned down entirely, the 
clinkers pulled out of the fire door, weighed, and charged to the test. 
It was impracticable to clean the fire before the close of the test, 
because the lower edge of the fire door was 14 inches above the grate. 
Immediately before starting each test the ash pan was cleaned. After 




id its HttBctuneut to stack. 



closing and removing the clinker from the grate all the ash was taken 
from the ash pan, weighed and charged to the test. 

In all, 14 tests were made; 6 on run-of-mine coal, 4 on large 
briquets, and 4 on small briquets. The tests were made at various 
rates of combustion, the lowest being 18 pounds of dry fuel per hour 
per square foot of grate surface when burning run-of-mine coal, and 
the highest being about 110 pounds of dry fuel when burning small 
briquets. 
The recorded observations made during the tests and the results 
calculated therefrom are ^v6nm,1a\AB\%. 
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CONCLUSIONS. 

At low rates of working, run-of-mine coal gives a higher equivalent 
evaporation than briquets; at medium rates there is little dMerence; 
at high rates briquets do considerably better. 

So far as blackness of smoke is concerned there seems to be little 
advantage in briquets over run-of-mine coal. However, the loss in 
sparks is less, and especially with the larger size of briquets. 
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It is a great deal easier to raise and keep up steam with briquets 
than with run-of-mine coal. Higher rates of combustion are feasible, 
and consequently higher power, which is of especially great advan- 
tage on long grades. 

STEAMINa TESTS MADE WITH LIGNITE AT THE RECLAMATION 

SERVICE PLANT AT WILUSTON. N. DAK. 

In the fall of 1908 the steam-engineering section was called upon 
to make a series of tests of North Dakota lignite at the Recla- 
mation Service plant at Williston, N. Dak. The primary object of 
these tests was to determine whether the North Dakota lignite is a 
fuel suitable for steaming purposes. The lignite as it is mined con- 
tains on the average about 40 per cent of moisture and about 7 per 
cent of ash; its heating value is about 7,500 B. t. u. 

The tests were made on a Stirling water-tube boiler of 250 boiler 
horsepower capacity, equipped with a special semigas-producer fur- 
nace. In this furnace the fuel was gasified on the grate, the gases 
passed over the bridge wall into the combustion space, preheated air 
was added to them through the opening in the bridge wall, and the 
combustion was completed in the space beyond the bridge wall. The 
setting is shown in part in figure 79. 

There were made in all 15 tests with rates of combustion varying 
from 19 to 29 pounds of dry coal per square foot of grate area per hour. 

A complete description of the tests and the results are given in 
Bureau of Mines Bulletin 2. The following table presents the 
principal items of the results : 

Table 19. — Principal results of tests made wUh North Dakota lignite. 
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Althou^ the evaporation per pound of coal as fired is low, the 
over-all eflBciency and the capacity of the boiler were as good as are 
obtained in the average steam plant with a good grade of eastern 
steam coals. This fact goes to show that the North Dakota lignite 
is a good fuel for making steam. 

PRINCIPIiES INVOLVED IN THE COMBUSTION OF COAL 

IN BOILER FURNACES. 

The combustion of coal in a boiler furnace is a chemical process in 
which the oxygen reacts with the carbon and its various combina- 
tions with hydrogen. This reaction being a process between gaseous 
oxygen on one side and gaseous, liquid, and solid combustibles on 
the other is very complicated. 

The word ''liquid*' as used in this discussion denotes all types of 
combustibles between the gaseous and the solid form; that is, such 
substances as in a strict physical sense are neither gaseous nor solid. 
For example, if some coal tar in its viscous semi-liquid condition is 
poured on a hot coal fire, a dense brown smoke will .be formed. One 
knows that this visible smoke is not a gas, because gases are not visible; 
it is also hard for one to beUeve that all this smoke consists of tiny 
angular pieces of solid carbon. At least part of this smoke is com- 
posed of minute globules of tar which have been boiled oflF, somewhat 
like the visible ^^ steam" issuing from boiling water. For lack of a 
bfittor expression one can say that the combustible in the globules is 
in liquid form. 

It lias boon already stated in the section on the composition of 
gases leaving the fuel bed, that when, in the case of hand firing, a 
fresh charge of bituminous coal is spread over the hot coke on the 
grate the coal is heated rapidly and a considerable part of it is dis- 
tilled off shortly after the coal reaches the fuel bed. Tliis combustible 
that is distilled off is mostly in gaseous form, and such forms as 
are in this discussion called ''liquids." There is also a small pro- 
portion of tiny pieces of solid carbon in the form of lampblack, and 
even small pieces of coal carried along with the current of the gases. 

The combustible left on the grate is fixed carbon in the solid form; 
it stays on the grate until completely burned or changed into gas. 
There is sufficient evidence (see p. 280) that in the two or three 
inches of fuel bed next to the grate or the layer of ash the carbon 
burns to CO2, which is decomposed into CO as it passes through the 
upper layers of the hot coal. The two reactions which take place 
are represented by the equations: 

C+02=C02 
C02+C=2CO 

The temperature of the fuel bed is usually so high that even with 
a fire that is considered light only a sm.all percentage of CO, leaves 
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the fuel bed; most of it is decomposed and rises into the space as CO. 
It is therefore important that additional air be supplied over the 
fire in order that this combustible gas may be burned. 

The rate of formation of CO, in the lower layer of the fuel bed, 
and to a lai^e extent the rate of its decomposition in the upper 
layers, seems to vary directly with the velocity of the air passing 
through the hot fuel. The higher the blast of air passing through 
the bed of burning carbon the faster the latter bums. Undoubtedly 
the scrubbing action of the blast of air removes from the surfaces of 
the solid carbon the film of the products of combustion and facili- 
tates the access of free oxygen to the surfaces. With the high tem- 
peratures at which fuel beds are maintained rapid combustion or 
gasification of fixed carbon can be obtained without any difficulty if 
a stream of air is passed through the beds. 

The combustible gases which leave the fuel bed during and after 
the distillation period are free hydrogen (Hj), carbon monoxide, and 
several of the lighter hydrocarbons. The "liquids" are the heavy 
hydrocarbons and carbon-hydrogen compounds of the benzene series, 
which, although surrounded by gases at a high furnace temperature, 
may exist as minute tar globules. This gaseous and "liquid" com- 
bustible must be burned in the combustion space, and the complete- 
ness of the process depends on the length of time it stays within the 
combustion space and on the temperature at which the latter is 
maintained. All the forms of combustible driven off from the fuel 
bed are mixed more or less perfectly with the air added through the 
firing doors or other openings provided for this purpose. 

The velocity of chemical reaction (combination) between the com- 
bustible gas and the free oxygen (or the rapidity with which the com- 
bustible gas bums) depends upon the concentration of the two gases; 
that is, the rapidity of combustion will be the product of the amount 
of free oxygen tijnes some power of the amount of combustible gas 
present in a unit volume. This is the law of mass action, explained 
at the end of this discussion. The combination of simple gases, such 
as hydrogen and carbon monoxide, consists of a single reaction, whereas 
the combustion of the unsaturated hydrocarbons, as ethylene and 
acetylene, may be a series of two or three, or even more, reactions, 
the first reactions of each series partly burning the gases and partly 
reducing them to simpler combustible, either gaseous or soUd. 
Ordinarily, if the mixture is good, these reactions or the burning of 
the gaseous combustible are nearly complete in possibly a fraction of 
a second. 

The tar vapors, however, being partly in "hquid" form, require, 
even in the case of a uniform mixture with oxygen, a much longer 
time for their complete combustion, because oxygen can act only on 
the surface of each minute globule. As each globule bums, an 
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insulating film of the products of combustion is formed around it, 
preventing contact with more oxygen. The globules are carried in 
the current of gas, and since both have very nearly the same velocity, 
there is little or no friction between the gas stream and the globules. 
The chief way in which the insulating film around each globule can 
be dispersed and more oxygen brought into contact with the surface 
of the globule is by natural di£fusion between the gas comprising the 
film and the free oxygen outside the film. This process of natural 
diffusion is rather slow, and as each globule contains many times 
more combustible matter than a like volume of gas, the process of 
oxidation of the globules of tar may extend over a considerable 
length of time, during which they may be carried out of the fiunace 
and cooled below their ignition temperature. Such unoxidized tar 
globules appear at the top of the stack as a dark smoke and probably 
form the greater part of the loss in incomplete combustion. 

These tar globules are similar in character to tobacco smoke, 
which is not a product of combustion, but a product of decomposi- 
tion; it is not a slightly colored gas, but a large number of small 
tobacco-oil globules held in suspension by the current of gas. Every 
smoker knows that if he passes the smoke from his cigar through 
a clean wliite linen cloth, the visible smoke, which consists of the 
tobacco-oil globules, will condense and leave a light-brown oil spot 
on the linen, having a strong characteristic smeU. The tarry globules 
escajung from a coal lire, if collected and condensed in some such 
way, generally appear as a tliick, black, pasty Uquid having the strong 
coal-tar odor, that we are accustomed to smell around a certain 
class of gas producers or around gas works. Tar vapors from a wood 
fire difTer in odor from those coming from a coal fire. In fact, every 
fuel gives off tar vapors with odors pecuUar to that fuel and some- 
what different from those of any other. 

In the case of a boiler furnace, any attempt to determine the tar 
loss by volumetric chemical analysis of the fuel gases must necessarily 
fail because these tars have comparatively Uttle volume; further- 
more they generally condense in the gas-sampUng apparatus. 

The slow combustion of the tar globules can be made faster by 
increasing the rate of diffusion of the film of products of combustion 
enveloping the globules. This can be done by creating a relative 
velocity between the gas stream and the globules; that is, by making 
one move faster than the other or by changing slightly the direction 
of the main stream of gas. The resulting friction faciUtates diffusion 
by a process of scrubbing, which removes from the globules the 
insulating film of products of combustion. Insertion of brick piers 
in the path of the gases or changing the cross section of the gas 
passages so that the gases have to contract and expand induces such 
relative velocity. 
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That some such fihn as is herein described does prevent the free 
oxygen from coming into contact with the surface of the globules 
seems to appear from the fact that gas samples taken with water- 
jacketed samplers from a stream of gas apparently rich in the tar 
vapors show usually seveitd per cent of free oxygen. 

As the tar vapors are perhaps a ^ole series of very complex 
hydrocarbons, their complete oxidation undoubtedly consists of 
several simultaneous or consecutive reactions more or less dependent 
on each other. This is probably another cause of their slow 
combustion. 

What has been said about the slow combustion of the tars is per- 
haps in a large measure true of the small particles of solid combustible 
held in suspension by the gases. 

In the preceding discussion of the combustion of the various forms 
of combustible in a boiler furnace it has been shown that the gaseous 
combustible is easy to bum because it bums quickly, and that the 
fixed carbon is easy to bxun or gasify because it stays on the grate 
imtil completely burned or gasified; also that the tar vapors, the 
lampblack, and the tiny pieces of coal held in suspension by the 
gases are difficult to bum because they bum slowly, and usually can 
not be kept within the furnace long enough to be completely burned. 
The proper way to bum coal would be to treat it in such a way as to 
distill as volatile matter only light, easily burning gases, and leave 
aU the rest of the combustible on the grate and bum or gasify that 
while it stays there. Laboratory experiments^ show that the 
amount and quaUty of the combustible driven off the coal by heating 
depend largely on the rate of heating; that is, when the rate of 
heating is slow, the total combustible matter driven off as volatile is 
small in quantity and gaseous in composition, while if the rate of 
heating the coal is very rapid the total volatile matter driven off is 
not only high in quantity but contains much tar vapor. It seems as 
though the hydrogen of the coal must be distilled off before burning, 
and that when the coal is heated slowly the hydrogen on distillation 
takes only a small amoxmt of carbon with it, leaving most of the 
latter on the grate as fixed carbon. If, however, the coal is heated 
very rapidly, the hydrogen comes off with a large amount of carbon 
and escapes as volatile matter, leaving a smaller quantity of the 
carbon on the grate in a fixed form. These facts bring one to the 
realization that there is no definite line between fixed carbon and 
volatile matter. One knows, for instance, that coal tars which escape 
from a gas producer entirely as volatile matter show 40 to 50 per cent 
of fixed carbon when subjected to proximate analysis. Similarly, if 
the tars from a boiler furnace, particularly from a hand-fired one, 
were caught and analyzed by the proximate method, they would 

a Bee Balletin 1» Bareaa of Mines. 
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likely show a considerable percentage of fixed carbon. This fixed 
carbon of the tar should have been left on the grate and not carried 
away by the process of distillation. 

According to the above reasoning, firing coal by hand is not the 
right way to bum it, because the pieces of coal fall on a very hot 
fuel bed and are heated in two or three minutes through a range of 
temperatiu-e of about 2,400^ F. This is a very high rate of heating, 
and much of the carbon that with a slow heating would be left on 
the grate as fixed carbon, is driven away in combination with hydrogen 
in the form of heavy tar vapors. These tar vapors generally do not 
stay long enough in the furnace to bum completely and hence leave 
the stack as smoke. 

Most mechanical stokers are designed so that the coal is fed into 
the furnace gradually, and therefore the rate of heating is slow. 
The result is that a comparatively small amount of combustible is 
driven off as volatile matter, and that which is driven off consists 
chiefly of easily burning gases. Most of the carbon is left on the grate 
in the fixed form, where it is either burned or gasified; very smaU 
amounts of tarry vapors are distilled, whence the success of most 
mechanical stokers in burning smoky fuel. As an example, on a well- 
operated chain grate stoker, it takes perhaps 15 to 20 minutes to heat 
the coal through the same temperature range of 2,400° F., whereas 
this heating extends over only two or three minutes in a hand-fired 
furnace. In general the success of these mechanical stokers lies not in 
the fact that they consume smoke but in that they burn coal without 
producing smoke at all. 

The tar vapors and other heavy carbon-hydrogen compounds, which 
are the products of distillation of coal under certain treatment, bum 
slowly, and in order to burn them completely they must be kept a 
comparatively long time witliin the furnace. To fulfill this condition 
the furnace must be provided with a large combustion space. Such 
furnaces, however, are objectionable for obvious reasons. The remedy 
probably is to avoid the formation of these slow-burning volatile 
compounds by using the principle of slow heating. 

Although the space necessary for complete combustion may be 
considerably reduced by the slow and gradual heating of the coal, 
nevertheless, some space must always be provided for the burning 
of the gases which rise from the fuel bed even though the tar vapors 
be absent. If all other conditions are kept constant the volume of 
gases leaving the fuel bed varies directly as the rate of combustion 
or the rate of gasification. Therefore to obtain the same completeness 
of combustion the space in the furnace should be in proportion to the 
rate of combustion, or, more correctly, the combustion space should 
be proportional to the volume of the gas leaving the fuel bed. It is 
not always practical to carry out this relation. There are cases in 
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which the space available for the entire steam-generating apparatus 
is too small compared with the steaming capacity of the apparatus. 
In such cases the combustion space of the furnace is often reduced to 
a mere fraction of the required volume needed for a practically com- 
plete combustion. Under such conditions not only do the tar vapors 
but also a considerable amount of the easily burnable gases leave the 
furnace imconsumed. 

To show how small the combustion space is in some boiler furnaces 
Table 20 is presented. In the table is given, for three furnaces, the 
usual relation of combustion space to grate area, the rate of combus- 
tion, and the average time each cubic foot of gas is allowed to stay in 
the furnace. 

Table 20. — Usual relation of ctmbiutian space to grate area, the rate of combustion, and 

the average time each cubic foot of gas stays in the furnace. 
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2.34 
5.34 

7.14 


1.33 
4.33 

6.14 


40 
60 

25 


1,010 
780 

380 


0.077 
.17 

.58 







a Assuming that 20 pounds of gas and water vapor are formed -per xx>und of coal and that the furnace 
temperature is 2,500* F. 

Columns 5 and 6 show that the ratio of combustion space to grate 
area in the torpedo-boat furnace decreases much more rapidly with 
the thickness of fire than it does in either of the other two furnaces. 
A thick fuel bed not only makes the gases richer in combustible but 
also reduces the space in which this combustible gas is to be burned. 

Column 9 gives approximately the average length of time each 
cubic foot of gaseous mixture is allowed to stay in the combustion 
space of the furnace. In the case of the torpedo-boat furnace the 
time is very short; in fact, it is too short for any chemical reaction 
which is not almost instantaneous like that of an explosion. 

The bad conditions of combustion due to small combustion space 
are usually made worse by inadequate mixing of the gases. It has 
been shown in the section on the composition of gases at various parts 
in the f lunace that the gas leaving the fuel bed is very rich in combusti- 
ble and deficient in free oxygen. It is therefore always necessary to 
add air to the gases rising from the hot fuel. If the air is admitted 
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through large openings, like the firing doors, it may pass through the 
furnace as one solid stream alongside of anothw large stream of com- 
bustible gas, without materially improving the completeness of com- 
bustion. It is obvious that in order to hdp the combustion, the air 
must not only be admitted but must be intimately mixed with the 
combustible gas if the latter is to be completely burned in the short time 
that it is allowed to stay within the furnace. Thus it can be seen 
that the mixing of the gases is an important factor affecting complete- 
ness of combustion, particularly where the combustion space is small. 

LAW OF KASS ACTION APPUBD TO COMBXTBTION OF GASES IN 

THE BOILBB FUBNACE. 

The law of mass action states that the speed of any chemical reaction 
is proportional to the products of some powers of the weights of the 
reacting substances present in a unit of volume; that is, if one mole- 
cule of substance A reacts with one molecule of substance B, the 
velocity of the reaction at any time will be directly proportional to the 
product of the molecules (or the weight expressed in gram-molecules) 
of each substance present in a unit of volume. Reactions of this kind 
are said to be of the second order. If one molecule of substance A 
reacts with two molecules of substance C the velocity of the reaction 
will be proportional to the number of molecules (or the weight 
expressed in gram-molecules) of substance A in a unit of volume 
multiplied by the square of the number of molecules (or the weight 
expressed in gram-molecules) of substance C. Reactions of this kind 
are said to bo of the third order. It can be said that in any case the 
speed of the chemical reaction increases when the weight (in gram- 
molecules) of the reacting substance in a unit of volume increases, 
although the relation may not be a simple proportion. 

The law of mass action is one of the most firmly established and 
useful of the laws of physical chemistry. Its operation is a matter 
of daily observation in other fields; for example, the more water one 
uses the easier it is to dissolve sugar, salt, and other soluble sub- 
stances. Only recently has the law been mathematically formulated 
in chemistry. It is often hard to learn what the reactions are and 
what formula to use; still the path of a great many reactions has been 
determined by experiments and by finding what formula fitted the 
observed results. 

In the case of combustion of coal the law of mass action manifests 
itself by the fact that in most furnaces a considerable excess of air 
is needed above the theoretical requirement to insure practically com- 
plete combustion within the furnace. If the air supply is reduced to 
near the theoretical amount the combustion of the gases is slow and 
a long time is required to bum them. The time is so long that 
usually a large percentage of theses gaaea leave the furnace before 
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they are burned. It con be easily seen that if there are two mole- 
cules of carbon monoxide and ten molecules of oxygen in a unit 
volume, the chances of one molecule of oxygen meeting the two 
molecules of carbon monoxide are a great deal more than if there 
were only one or two molecules of oxygen in the same unit of volume. 
When in the mixture of air and furnace gases some oxygen unites with 
carbon monoxide, this oxygen is no longer available for oxidation of 
the remaining combustible; worse yet, the molecules of the products 
of combustion formed are in the way, so that the remaining molecules 
of oxygen meet the remaining molecules of combustible gas less 
frequently. As the combustion proceeds, the masses or molecules of 
free oxygen and combustible gas become less and less compared with 
the total mass of gas present and their combination becomes slower 
until it is nearly zero; whence the name mass action. 

The weight or mass of chemical substances when used in connection 
with the mass-action law is always measured in gram-molecular units. 
Elementary chemistry states that carbon monoxide and oxygen 
combine in just one proportion — 28 parts by weight of carbon 
monoxide (its molecular weight) and 16 parts by weight of oxygen 
(its atomic weight) . Inasmuch as free oxygen does not exist in atoms, 
one molecule of oxygen and two of carbon monoxide should really be 
considered; the ratio of the weights would then be 56 parts of carbon 
monoxide to 32 parts of oxygen, which is the same proportion as 28 to 
16. For these reasons both combining substances must be con- 
sidered according to the number of gram molecules present; that is, 
the number of grams of each gas present divided by its respective 
molecular weight. Luckily this trouble disappears when working 
with gases analyzed volumetrically, as with an Orsat apparatus, 
because the volumetric weights of gases are directly proportional to 
their molecular weights, as all gases at the same temperature and 
pressure contain the same number of molecules in the same volume. 
In working with the law of mass action all that is necessary is to sub- 
stitute the volumetric percentages of Oj, CO, and CH^ in the equation 
corresponding to the particular reaction and obtain the relative 
indication of the rate of combustion, assuming, of course, the same 
temperature and the same pressure in every case. 

Example: An analysis of gas collected with a water-jacketed gas 
sampler from the rear of the combustion chamber showed the two 
following results, the combustion chamber temperature in each case 
being 2,600° F. : 

(1) 02 = 4 per cent; CO = 0.5 per cent. 

(2) 02 = 7 per cent; CO = 0.4 per cent. 

The remainder of the sample consisted of nitrogen, water vapor, 
carbon dioxide and other gases. What is the relative velocity est 
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combustion of CO in each of the two cases? The formula of the 
reaction is 2C0 + 0,?^2CX),.« 

At a temperature of 2,600® F. the dissociation of CO, is only about 
0.01 per cent. Therefore, one may say with close accuracy ^at the 
reaction at this temperature is not reversible but proceeds to a finish. 
It can be written: 

2CO + 0, = 2C(^. 

If the rate of combustion of CO in the gas is given by the equation 

^^^ = A constant X (C0)» (O,), 

the relative rates of combustion in the two cases are: 

(1) 4X0.5» = 1; (2) 7X0.4»=1.12. 

Thus the net velocity of combustion in the second case is greater 
on account of more oxygen, although there is a less percentage of 
carbon monoxide. 

Another example: Assume that the gas mixture over the front part 
of the bridge wall and in the rear of the combustion chamber contains 
the following percentages of CO and O,, what are the relative rates of 
combustion of CO at each place? 

The gas over the front part of bridge wall contains 10 per cent of CO 
and 9 per cent of Oj. 

The gas at the rear of the combustion chamber contains 0.6 per 
cent of CO and 4.5 per cent of Oj. 

The rate of c()in])usti()n of CO over the bridge wall is 

9X102 = 900 

when the rate of c()ml)usti()n of CO in the rear of the combustion 

chaml)er is 

4.5X0.62 = 1.62. 

The i)receding figures show that the rate of the combustion of CO 
is over 500 times as fast over the bridge wall as it is in the rear of the 
combustion chamber. 

It must be constantly borne in mind that calculations of velocity 
of reactions based on the laws of mass action are liable to be seriously 
in error owing to disturbing side reactions; but probably less is to be 
feared here with simple gases at high temperatures than with more 
complex substances at ordinary temperatures. At any rate, these 
laws of mass action are a valuable guide in such problems, and if 
the facts do not fit proved formulas well, too little theory has been 
applied, and some refining corollaries must be added. 

The question may arise : How are we to treat cases in which more 
than one combustible is present ? Simply by adding the two effects 
together, as when we say that the pressure of a mixture of gases on 

a The sign ^r± indicates that a chemical combination and a decomposition are going on side by side. The 
composition of the mixture changes according to tiie ie\atW«i«i^VditY ot combination or dissociation. 
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the walls of a containing vessel is the sum of the pressures of the con- 
stituent gases; the two reactions go on independently side by side. 
Care must be taken not to add these velocity products without having 
first multiplied each by its proper reduction factor, which, for most 
substances, is at present imperfectly known for high temperatures. 
For the present, therefore, it is not feasible to get an expression for the 
comparative total velocities of combustion of all constituents taken 
together at several points along the flame. 

Thus far the law of mass action as appUed to the combustion of gases 
has been considered. The law is also a valuable guide in the study 
of the combustion of the fixed carbon on the grate, which is a chemical 
reaction between a soUd and a gas. In this case the mass of the soUd 
carbon is almost infinite compared with that of the gaseous oxygen 
so that the velocity of the reaction depends only on the mass of the 
oxygen coming in contact with a unit surface of the hot pieces of 
coke. The faster the oxygen is supplied to the surface of the carbon 
the higher the velocity of the reaction. This principle is utilized in 
a blacksmith for&:e and in all blast furnaces. The oxygen of the air 
is blo^ in at hilh velocities and the gaseous products of combustion 
are quickly removed and free oxygen brought in contact with the 
surface of the hot soUd carbon. The high velocity of the air simply 
keeps the mass of free oxygen against the surfaces of the carbon at 
high pressure. 

If the same method of supplying oxygen could be applied to the 
combustion of the tar globules they would be much less troublesome. 
However, they are so small that they quickly adopt the motion of the 
surrounding gas and consequently there is little or no relative veloc- 
ity between the two, to scrub off the layer of the products of com- 
bustion and increase the mass of the free oxygen acting against the 
surfaces of the globules. The removal of the products of combustion 
and the supplying of free oxygen must be largely accomplished by 
natural diffusion, which is a slow process. This is the reason that the 
process of combustion of the tar globules is slow. 

In the commercial combustion of fuels, where the speed of burning 
coal is important for obtaining high capacity, the operator must 
determine whether he will be most benefited by high temperatures or 
by a close approach to complete combustion. If he must put the 
heat into material at high temperature, as in melting pig iron or 
fusing cement, he must cut down the air supply even at the cost of a 
large fall in completeness of combustion due to decreased oxygen 
mass action, so as to have the temperature of the gases as high as 
possible above that of the material to be worked. If the tempera- 
ture of his material is low, as is the water in a boiler, it does not make 
much difference within reasonable limits how much air he uses so 
far as heat absorption is concerned; larger proportions of air mean 
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larger oxygen mass action and more complete combustion. Of course 
this increased air supply can be easily carried to extremes and large 
heat losses in the stack may result. As a general rule the air supply 
per pound of fuel must be decreased at a sacrifice of completeness of 
combustion, when the temperature of the material into which beat 
is to be put is high. 

PRINCIPIiES INVOLVED IN HEAT TRAN^SMISSION IS 

STEAM BOELERS. 

The heat evolved by the combustion of fuel in the furnace is con- 
tained partly in the residue on the grate, but mostly in the gaseous 
products of combustion. From these substances the heat is trans- 
mitted first to the heating plates of the boiler and then through them 
to the water on the inside of the boiler. The path of heat travel con- 
sists of three distinct parts, as follows: 

. (1 ) From the hot gas or the hot fuel on the grate to the dry surface 
of the heating plate. This is the most important part of the path; 
because it is the slowest and the most tortuous part for the heat to 
pass over; this part, however, seldom receives due consideration in 
the design of the boiler or any apparatus involving the problem of 
heat transmission in general. 

(2) From the dry surface to the wet surface of the plate; this is 
the only part that is usually considered. 

(3) From the wot surface of the boiler plate into the body of the 
boiler water; this is perhaps the easiest part of the path. 

In passing over these three parts of the path the heat travels in 
three ways: In the first part of its path it passes from the hot fuel 
bed, hot flames, or from any incandescent substances in the furnace 
to the dry surface by radiation. From the hot gases the heat passes 
to the dry surface by convection; that is, the motion of the particles 
of gases brings them in actual contact with the dry surface and they 
impart their heat to it. As a very large percentage of the heat 
evolved in the furnace is contained in the gases this last mode of heat 
travel is the most important one in the problem of steam generation. 
The heat, then, reaches the dry surface of the heating plate by radia- 
tion and convection. Between the dry and the wet surface the heat 
travels through the plate by conduction; this mode of heat propaga- 
tion is well understood and its principles are frequently used in work- 
ing out thermal problems. From the wet surface of the plate the heat 
passes into the water by convection; that is, the particles of water 
come in contact with the wet surface and after absorbing some heat 
are changed partly, or wholly, into steam and are pushed away by 
other particles of water which have capacity to absorb heat. This 
exchange of heat-containing water particles for particles which have 
capacity for absorbing heat is identical to circulation of water and is 
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the result of the difference between die density of the particles of 
water and that of Bteam. 

Figure 85 shows diagrammatically ihe three parts of the path of 
heat travel from the hot gasses and the hot fu^ through the metal 
of the heating plate to the boiler water. The diagram also shows 
the ways the heat travels over this path. 

Hie diagram illustrates the heating plate on the gas side covered 
with a layer of soot and on the water ade with a layer of scale. Next 
to the soot layer and entangled in its recesses is a layer or film of 
motionless g&a. This filtn of gas under ordinary conditions adheres 
so tightly to the soot or 
metal, that it may be con- 
sidered a part of the solid 
plate. It is therefore rea- 
sonable to assume that the 
dry surface of the plate is a 
thin region of gas near to, 

or at, the outside surface of *" 

the soot coating where the 
heat ceases to travel by con- 
vection and starts to travel 
by conduction. The wet 
surface of the heating plate 
is located in a similar film 
of water and steam adhering 
on the inside of the boiler 
to the layer of scale. It 
can be defined as the thin region of steam and water near, or at, 
the surface of the layer of scale where the heat ceases to travel by 
conduction and starts traveling by convection. 

It may be well to explain, briefly, the three ways by which heat 
travels. 

Conduction of heat is the process by which heat flows from a hotter 
body to a colder one, when the two are directly in contact, or from 
one part of a body to a colder part of the same body. Conduction of 
heat implies no visible or mechanical motion of bodies or parts of the 
same body, but implies a direct contact. In the case of a boiler the 
heat passes by conduction from the particles of hot gas which come 
into contact with the soot coating, into the latter, and then through 
the metal and scale into the particles of water next to the scale. 

Kadiation is a process by which heat passes through space from one 
body to another without any material i^ency; that is, the two 
bodies do not come into contact directly or by means of a third body 
or bodies. In the case of a boiler furnace and a boiler plate, heat 
flows by radiation from the hot fuel bed and flames through the space 
filled with gases directly into the boiler plate withaut, tft^AJa^^ *Jm& 



342 STEAMING TESTS OF OOAIJB. 

gases appreciably. The amount of heat transmitted by radiation 
would not be lessened if the gases did not fill the space; in fact it 
would be slightly greater if there were a vacuum between the fuel bed 
and the plate. 

Convection of heat from one place to another always implies the 
motion of a fluid receiving or giving up the heat. Thus, in the case of 
hot gases and the boiler plate, heat is imparted to the plate by small 
particles of gas moving from the body of the gas toward the plate and 
imparting their heat to the latter when in contact with it. In other 
words, convection is the process of continuous interchange of the 
cooled particles of gas next to the surface and those farther away 
within the body of the gas. It is evident that the amount of heat 
imparted to a unit of dry surface of the plate depends on the rate of 
exchange of the particles of gas. 

Each of the three modes of heat propagation is governed by a dis- 
tinct law which is different from those governing the other two modes. 
These laws as applied to the steam-boiler problem are briefly stated in 
the following paragraphs. An example of the application of the law 
follows each statement. 

CONDUCTION. 

The quantity of heat which can be transmitted through a unit area 
of heating plate in a unit of time depends on the difference of tem- 
j)eraturo l)ctween the dry and the wet surfaces of the plate, the con- 
ductivity of the substances on or in the plate, and the distance between 
the two surfaces. This law can be expressed by the following simple 
formula: 

n= J-(^-o, (1) 

in which 

11 = the quantity of heat transmitted per unit of area of heating 

plato, 
C = the average conductivity of the substances between the drj^ and 

the wet surface, 
d = the distance between the two surfaces, 
t^ = the temperature of the dry surface, and 
t = ihc temperature of the wet surface. 
- This law governing the rate of heat transmission by conduction is 
the same as Ohm's law, much used in electrical conduction problems. 
It is evident that with any physical condition of the plate and the 
surfaces, the rate of heat transmission depends entirely on the excess 
of the temperature of the dry surface over that of the wet surface. 
For example, if it is required to transmit twice the quantity of heat in 
the same length of time, the difference between the temperatures of 
the two surfaces must be doubled. Since the temperature of the wet 
surface is nearly the same as that of the steam in the boiler and, 
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therefore, can not be lowered, the temperature of the diy surface 
must be raised. As it is this dry surface of the heating plate which 
cools the furnace gases, the rise of its temperature results in a rise of 
the temperature of the escaping gases. Thus we see that, with the 
same conditions of the heating plate and the same initial temperature 
of the furnace gases, the temperature of the escaping gases will rise 
somewhat with increasing capacity. This law can be illustrated by 
the following specific example: 

At normal capacity 1 square foot of heating plate of a boiler trans- 
mits on the average 

3.5X965 =3,378 B. t. u. per hour, or 

3 378 
xTx^TT^— 0.948 B. t. u. per secondssH in equation (1). 

In the Smithsonian Physical Tables the heat conductivity of iron at 
400° F. is given as about 0.0005. This means that if the two surfaces 
of an iron plate 1 inch thick are kept at a temperature difference of 
1° F., every square inch of the plate transmits 0.0005 B. t. u. per 
second; or every square foot transmits 0.0005X144=0.072 B. t. u. 
per second. This value is C in equation (1). 

Now the walls of a tube in a water-tube boiler are about 0.1 inch 
thick. This value is {Z in equation (1). We have, then, all the values 
excepting the temperature difference (fi — t) which we can easily com- 
pute by substituting the previously obtained values in equation (1). 

.948 = ?|P(<,-0. 

Therefore (i, - = ^^ = 1 .32 ° F. 

This is a surprisingly small temperature drop. Even if the resist- 
ance of the heating plate to the passage of heat was increased 10 times 
by the presence of the soot and scale in a normally 'clean boiler tube, 
the temperature drop between the two surfaces of the plate would 
be only 13° F. It is certain that with a normal rate of working the 
temperature of the wet surface of the plate is not very much higher 
than the temperature of the steam in the boiler, probably less than 
15° F. If that is the case the temperatiu-e drop from the dry surface 
to the boiler water is only about 25 or 30° F. at the normal rate of 
workiQg. For 10 times the normal rate of working this temperature 
drop would be 250 or 300° F., which is only a small fraction of the 
total temperature difference between the furnace gases and the boiler 
water. 

The previous calculation, although only approximate, indicates 
that the heat passes rather easily from the dry surface through the 
99133**— Bull. 23—12 ^23 
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heating phtte into th« boiler mter, but thst tha pgoo o aa of heat impar- 
tation 1^ the furnace gasea to the diy aui&oe is alow and ia that part 
of the path of the heat trarel which ia reaponaible for the preeent lov 
rate of irorking ateam boilers. 
Sigure 86 ahows the ap- 
proziniate temperature drop 
from the gaaes to tlie boiler 
water when tiie boiler works 
at 10 timea the normal rate of 
woridng. Thefigureu based 
on the eakulatioui made in 
the preceding discunon. It 
ia i^^Mtxent from the figure 
that tiie problem of working a 
steam bdler at high capadty 
ia not so mnoh a question of 
how nmeh heat the heating 
platea of a boiler will trana- 
mit, aa of how much heat can 
be imparted to the dry surfaee 
of the heating plates. It is 

ptntunottbaboDarinitirwhgDirafkliiKkboIhrfttM from the hot gasea tO thediy 

unH.iu»>n»i»tii«. Bwtace of tho heating plate 

which should receive a thorough oonsideration when designing i 
boiler for high rates of working. 

RADIATION. 

In the ordinary water-tube boiler the quantity of heat imparted to 
the dry surface of the heating plate by radiation ia small. In the 
internally fired typos, however, the heat thus received may amount 
to a considerable percentage of the total heat absorbed by the boiler. 

The quantity of heat which a heating plate exposed to radiation 
receives is approximately proportional to the difference between the 
fourth powers of the aliraolute temperatures of the hot parts of the 
furnace and the sooted surface of the boiler plate. This law of radia- 
tion is known as the Stefan and Boltzmann law." 

About 30 years ago Stefan deduced this law from experimental 
reaults, and some years later Boltzmann demonstrated mathemat- 
ically that, from the principles of thermo-dynamics, the fourth-power 
law should hold exactly for an ideal black body. Inasmuch as the 
sooted surface behaves nearly like a black body (within 3 or 4 per 
cent), the fourth-power law can be used without any serious error in 
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all radiation problems in connection with the steam boiler. The 
radiation law is expressed by the following equation : 

H=C(T,*-T/), (2) 

in which 

H=the net heat exchanged between the hot and cold surface per 

unit of hot surf ace per unit of time, 
Tj = the absolute temperature of the hot surface, 
Tj^the absolute temperature of the cold surface which surrounds 

the hot surface, and 
C~ a constant depending on the unit of area and time, on the unit 
in which the heat is measiu'ed, and on the scale in which 
the temperature is expressed. 
TThen H is expressed in B. t. u. per square foot of hot surface per 
minute and Tj and T, are expressed in degrees Fahrenheit, then 

C = 2.66 X 10-" = 100,000,000,000 

This constant is good only when the hot surface is completely sur- 
rounded by the cold surface or when the conditions are such that the 
hot surface may not ''see'* anything else but the cold surface. The 
radiation from the hot fuel bed to the surrounding sheets of the fire 
box of a locomotive boiler approaches this ideal condition very 
closely. It should be stated in this connection that when the tem- 
peratures remain constant the amount of heat received by the boiler 
by radiation depends on the extent or area of the fuel bed and not on 
the area of the boiler's heating surface exposed.** 

Figure 86 is a graphical representation of equation (2). Each of 
the three curves has been platted for one value of T,, as indicated in the 
figure. In computing the values from which the curves were platted, 

C in equation (2) was taken to equal ^ ^ ' ^^ ^^^ * The abscissas 

of the figure are the temperatures of the hot surface, and the ordinates 
give the quantity of heat in B. t. u. per minute radiated by every square 
foot of the hot surface to a surrounding cold surface at the tempera- 
ttures given by the three curves. 

To show the significance of the radiation let us use figure 87 in 
working out a specific problem. 

Assume. that a given locomotive boiler has a grate area of 40 square 
feet and the temperature of the fuel bed is 2,460° F., absolute, or 
2,000° F. on the ordinary scale. Assume, further, that the steam 
pressure and the condition of the heating plate are such that the dry 
surface is at 1,000® F., absolute, or 540°F. on the ordinary scale. What 
is the rate of heat transmission by radiation from 1 square foot of the 

a For more oomidete discussion of the radiation law as applied to steam boilers see chapter on radiation in 
Bmeaa otWoM Bulletin No. 18« entitled " Heat Transmission into Steam Boilers. " 
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hot fuel bed 1 The answer to this problem can be obtained from the 
figure in the following way: Follow the Tertical line of 2,460° F. abso- 
lute, the temperature of the hot surface, which in this case is the fuel 
bed, to the intersection point with the curve of constant temperature 
of the sooted surface of 1,000° F. absolute. From this intersection 
follow a horizontal line to the scale at the left, which gives the heat 
ra<liBtion per minute for each square foot of the fuel bed as 960 B. t. u. 
\ow, if one wishes to know how many boiler horsepower this radiation 
represents he can obtain it from the following equation : 
_• „ ™, 960X60X40 

I ^•™-" 965X34.5 =^^-2- 

3 Usually the temperature of 

g the fuel bed is considerably 

i above 2,000° F.; perhaps 

2,400° F. is nearer to the 
average fuel-bed temperature. 
I Thia value for T^ gives the 

e radiation of each square foot 

S of fuel bed per minute asabout 

I 1,800 B. t. u., or nearly twice 

i as much as when the fuel-bed 

I temperature is 2,000° F. It 

I is apparent from the shape ol 

g the curves that at high tem- 

■| peraturcs a small rise in the 

a fuel-bed temperature greatly 

e increases the quantity of heat 

I radiated by the bed. 

B The curves also show that 

g when the temperatures of both 

I of the surfaces increase the 

^ heat radiated from the hotsur- 

° TEiipiuiuu 01 aoi anmcfr. abwioti f*"^® ^ *^® '^'*'*^ °^® incieaseS, 

or heat trana- cven though the difference 
Bcoid Burtaca between the two temperatures 
remains constant. Thus when 
the temperature of the cold surface is 1,000° F., absolute, and that 
of the hot surface 1,400° F., absolute, the heat exchanged between 
them is about 73 B. t. u. per minute per square foot of hot surface 
totally surrounded by the cold surface. When the temperature of 
the cold surface is 1,500° F. and that of the hot one is 1,900° F., the 
heat radiated to the colder surface is about 215 B. t. u., or about 
three times as much as in the first case, although the difference 
between the temperatures of the two surfaces is the same in both cases. 
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This is an important feature in connection with the rate of heat 
radiation and should never be lost sight of when insulating heat at 
high temperatures. In this respect the rate of heat radiation is unlike 
the rate of heat conduction ; the heat conducted from one part of a body 
to another part is the same so long as the difference of temperatures 
is constant, no matter what the temperatures are. One may draw 
this general rule for insulating heat: When a body is at low tempera- 
ture, as in the case of a refrigerator, the heat of the outside atmos- 
phere is kept out of the refrigerator by avoiding conduction of heat; 
this can be done by putting air spaces in the walls of the refrig- 
erator. In thermos bottles this principle is carried still further and 
a vacuum space is used instead. In these cases the temperatures 
are low and the heat radiated across is an insignificant quantity. 

When the heat is at high temperature, as in the case of a furnace, 
the dissipation of the heat from the furnace through the walls can 
be reduced by avoiding radiation; this can be done by building 
solid walls of nonconducting materials. 

The temperature effect on the rate of heat radiation is recognized 
by the makers of thermos bottles, who advertise that cold Uquids 
can be kept cold 72 hours, while hot liquids can be kept hot only 
24 hours. 

When considering the rate of heat radiation in connection with the 
furnace and boiler, in which case rapid transmission of heat is desir- 
able, high temperatures of fuel beds are advantageous, as they 
greatly increase the capacity of the boiler. 

CONVECTION. 

In modem water-tube boilers by far the greater percentage of the 
total heat absorbed by the boiler is imparted to its heating surfaces 
by convection. Furthermore, the gases, as they pass along the heat- 
ing surfaces, are cooled by convection, and therefore the extent of the 
reduction of temperature of the gases before they finally leave the 
boiler is dependent solely on the activity of convection. It has 
already been shown in the paragraphs on the conduction of heat 
that in the problem of working steam boilers at higher rates it is not 
a question of how much heat can be transmitted through the heating 
plate, but a question of how much heat can be imparted to its dry 
surface. All these facts make it imperative that in designing steam 
boilers particular consideration should be given to details that 
may improve the rate of heat impartation by convection. There- 
fore the study of the factors governing the rate of heat travel by 
convection is perhaps the most important part in the general prob- 
lem of heat tranmission in steam boilers. 

Perhaps Prof. Osborn Reynolds was the first to publish the results 
of a study of the law governing the rate of heat tranmission by con- 
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yection. His results were presented as a paper before the literary 
and Phflosophical Society of Manchester, En^bod, in 1874. Tlus 
paper was entirely overlooked by engineers and afanost forgotten 
until, a few years ago, Prof. John Peny accidentally came across it and 
realized its great vidue. Perry added to the practical importance 
of the principles evolved in Reynolds's paper. Pony's work on this 
subject is published as a part of his book entitled "Steam Engines, 
and Gas and Oil En^nes/' 

The principle that is brought out in Bejrnolds's paper and is the 
foundation of the law governing the rate of heat transmission by 
convection nuiy be stated, when applied to steam boilers, as follows: 

The quantity of heat brought by the gases to the heating plates 
of a boiler, apart from the effect of radiation, is proportional to the 
rate at which particles or molecules pass backward and forward 
from the dry surface to any given depth within the stream of gas. 

The rate of motion of the particles of gases to and from the dry 
surface of the plate depends on two things: 

(a) The natural internal diffusion of the gas when at rest. 

(() The eddies caused by visible motion, ^duch mixes the'fluid and 
continually brings fresh particles of the gas into contact with the 
dry surface. 

In his paper Reynolds expressed this law of heat transmission by 
convection by the equation: 

II=A (T-<) + Cgt? (T-<) (3) 

in wliich 

H = the quantity of heat imparted by the gas to a unit surface 
of the metal, 
(T-0 = the temperature difference between the metal surface and 
the gas, 
q = the density of gas, 
1; = the velocity of gas over the dry surface, 
A and C are constants depending on the nature of the gas. 
The first term on the right side of the equation expresses the effect 
of the natural diffusion of the gas. The value of this term depends 
only on the difference of temperature between the gas and the metal. 
The second term expresses the effect of diffusion caused by the 
motion of the gas. The value of this term depends on the density 
of the gas, the velocity of the gas, and on the difference of tem- 
perature between the gas and the dry surface. 

The validity of the first term will be perhaps generally admitted 
because it contains the temperature factor only. The second term, 
however, on account of the density and the velocity factor may need 
some explanation. 

It has been stated that the rate of heat impartation by a gas to 
the dry surface of the heating plate ia d\xQctly proportional to the 
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rate at which particles of gas pass to and from the surface. Now, 
the density of gas is proportional to the number of gas particles or 
molecules in a unit of volume. When there are more particles of 
gas in a unit of volume next to the metal surface, proportionately 
more gas particles or molecules come in contact with a unit of its 
dry surface. At constant pressure the density of the gas varies 
inversely as the absolute temperature; therefore as the temperature 
of the gas rises the gas expands and fewer of its particles or molecules 
are in action against the dry surface in a unit area. Therefore, there 
is a partial neutralization of the gain caused by higher temperature 
difference between the gas and the dry surface. 

In considering the velocity factor a mental image should be formed 
of the appearance of an intensely magnified cross section of thediy sur- 
face of the plate. Among the tiny recesses of the layer of soot are 
entangled particles or molecules of gas held close together in a dense 
film by the attraction of the soUd; farther away from the surface 
the gas particles are wider apart and are free to move. Now, gas is a 
very poor conductor of heat, and if its conduction were depended on, 
the process of transferring heat from the moving gas to the adhering 
film would be very slow. The only quick way of getting heat into 
the adhering film is to dislodge the cold particles or molecules from 
the adhering film of gas next to the soot coating and replace them 
by hot ones from the moving body of hot gas. This exchange of the 
cold gas particles by hot ones is effected partly by the natural dif- 
fusion of the gas (first term of equation (3)), but mostly by the eddies 
caused by the motion of the gas over the heating plates. The faster 
the gas moves the greater is the number of its particles passing each 
square inch of the dry surface in a unit of time, and consequently the 
greater is the number of the particles of the moving gas penetrating 
into the adhering gas film and replacing its cold gas particles. Thus 
the dislodging effect of these moving gas particles on those of the 
adhering film is proportional to the velocity of the mass of the gas 
moving over the heating plate. It is this dislodgment that makes 
a boiler respond, with reference to the amount of steam made, to any 
reasonable demands put on it. 

The temperature factor (T-<) is perhaps self-evident and needs no 
further explanation. 

Referring to equation (3) one can see that if the velocity of the gas 
continues to increase the second term on the right side of the equa- 
tion becomes so large that in comparison with it the first term is 
very small and may be dropped out of consideration. Thus for 
high velocities of the gas, equation (3) can be reduced to the fol- 
lowing form : 

H^Cjv (T-<). (4) 
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This is the same equation Perry derived mathematically in his 
book.® 

The mfluence of the velocity of gases on the rate of heat absorption 
may appear at first improbable. However, as high capacities of 
all types of .boilers are obtained simply by burning more coal, which 
means making more hot gases and passing them over the heating 
plates at a higher velocity, it must be admitted that such an influence 
exists. Thus, for example, in locomotive practice the capacity is 
increased two or three times by doubling or tripling the rate of com- 
bustion and thereby doubling or tripling the velocity through the 
boiler flues. Of course, the rate of heat absorption by the fire box 
is affected principally by the initial temperature. 

Equation (4), although not as accurate as equation (3) is more 
practical on account of its simplicity. Although there are three 
factors on tlie right side of the equation only two of them are inde- 
pendent of each other. These two factors are the velocity and the 
temperature difference (it has already been stated that the density 
depends for its value on the absolute temperature of the gases). 
High temperature differences can be obtained by reducing the air 
supply. However, as a certain amount of air is necessary for the 
complete combustion of the fuel, this method of raising the tem- 
perature of the products of combustion has its limit which can not 
be exceeded. Besides, high temperatures decrease the density of 
the gas, and tliis fact, as already mentioned, partly neutralizes the gain 
for higher temperature difference. On the other hand, the velocity 
factor can be increased almost without limit. This latter is the 
factor that in the future will be utiUzed to work steam boilers at 
high caj)acities. 

EFFECT OF AIB SXTPPLT ON THE TEMPEBATUBE OF THE PBOD- 
XJCTS OF COMBUSTION AND ON THE BATE OF HEAT ABSORP- 
TION. 

Figure 88 shows graphically how the air supply affects the tem- 
perature of the products of combustion and the rate of heat absorp- 
tion. The effects as given in the plat are piu'ely theoretical. In 
preparing this figure it has been assimied that 1 poimd of carbon is 
burned completely with an air supply varying from the theoretically 
required amount up. In the computation of the temperatures the 
heat value of 1 pound of carbon has been taken as 14,500 B. t. u., 
and the specific heat of the products of combustion was assumed 
constant at 0.24. The upper curve should be used with the ordi- 
nates directly at the left and the abscissas given at the foot of the 
chart. 



o Abstracts from Reynold's paper and from Perry's book will be found in Bureau of Mines Bulletin 18, 
^'Heat Transmission into Steam Boilers." 
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The upper curve indicates that below about 40 pounds of air supply 

the temperature rises rapidly with each pound of reduction in the 

air supply; above that the air supply must be reduced considerably 

to effect a comparatively small rise of temperature. 
The lower curve should be used with the ordinates immediately at 

the left and the abacissas at the bottom of the figure. The abscissas 

are the temperatures result- „ 

ing from burning 1 pound 

of carbon with the various ^ 

air supplies as given by the S „, 

ordinates of the upper curve, g 

The ordinates of the tower gs 

curve are numbers propoi> is m 

tional to the heat imputed | S 

by convection to the first |l 

elementary length of the dry | ^ 

surface of the heattug plate I 

along the path of the gases. 

The ordinates of the curve , 

are also proportional to the 

product of the density and | 

the volume of the products g 

of combustion, and the dif- | 

ference of temperatures be- 6 

tween the gases and the dry 

Burface of the heating plate, g 

In other words, the ordmates ^ 

are proportional to Hin equa- | 

tion (4). la figuring the 

Values proportional to H the 

volume of the products of 

Combustion has been used in 

the equation m place of the Fwrm. e8.-M»tatair«ippiy 

Velocity, because with any 
given boiler the two are pro- 
portional to each other. 

The two curves should be 
studied together and are use- 
ful to compare the probable rates of heat impartation when burning 
coals with different air supply. Thus, when 1 'x>und of carbon is burned 
with 39 poxmds of air the resulting weight *he products of combus- 
tion is 40 pounds. In the upper curve take the horizontal line of 
40 pounds and follow it to its intersection with the curve, then from 
the intersection follow a vertical line to the scale at the bottom 
of the chart; this scale gives the temperature of the products of 
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itTstimottha 
prodDcti) ol ODinbuatlaa sad the raW ol h«at absorptkiD. 
Curve No. 1 abons 1m« the wdghta of gases resultEng from 
bamlDg 1 pound of carbon with vaiying aJr rapply aflect 
the temparature o( the products o( combustion. Cur™ 
Mo. 2 abows hov the lemperatoreg reeultlog from buiDlng 
1 pound of carbon with vaiyliig aJr supply affect the rate 
or heat abeorpUon. 
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combustion aa 1 ,800° F. If it is desired to know what quantity of heat 

b imparted to the (irat elementary length of the dry surface per unit 

of time, follow a horizontal line from the point of intersection of the 

temperature (vertical) line and the lower curve to the scale at the 

left. For the case under consideration the numbw proportional to 

the quantity of heat imparted to the dry Burface is 6.3. If I pound 

of carbon is burned with such air supply that the resulting weight 

of the products of combustion 

H is 24 pounds, the temperature 

of the gases is 3,900° F. and 

1 the number proportional to 

2 jg the quantity of heat imparted 

ito the dry surface of the heat- 
ing plate is shown to be 6. 
Althoughin the latter case the 

. temperature ia more than 

1 doubled, the volume (density- 

I, times-velocity factor in equs- 

|- ' tion (4) ) of the gases is bo re- 

s duced that only about 16 per 

^ cent more heat is imparted to 

* the boiler. 

I g The curves of figure 89 are 

;3 similar in character to those 

5? , « offigureSS. Theuppercurve 

^ S ; perhaps needs no further ex- 

^ 3 s plenation. The ordinates of 

j^i ! the lower curve are the prod- 

g^i ucts of the density and the 

I e c volume (velocity) of the prod- 

«|° ucta of combustion and the 

S^ .",""" temperature difference be- 

(ixiisDB AiiiVi) tween the gases and the dry 

Fict,K.i.9.-Cur^■e^-o,lrf«..,thoperc*t..ae.<.toxyp„.i>, S»Tf&Ce o( the faoUef platC. 
the products ol TOmbmtlon and the wplghls of gases re- In other WOrds, the OrdioateS 

^^r^ra'.^-iCrJl'SrlS "« "-e vlue, ot H of equ- 

portlonol 10 Ihe quanllly ot heal (nipiined W tbe first tion (4) platted against the 

"7™t'^'^i.b^i'^,i7.ff'"l,ppTi^ '™"" ' weight of air supply used to 
biuTi 1 pound of carbon. The 
curve shows directly how the air supply affects the rate of heat 
impartatioD by convection to the first elementary length of dry sur- 
face. The reader is cautioned not to confuse this rate of heat impar- 
tation with the total heat a given boiler would absorb; such values 
are given on page 356 in connection with figure 91. 

Figure 90 is a further eKposition of the three factors which affect 
the rate of heat impartationby coTwwtVoii. \o.\iaa^\^tfe\'t^s, shown 
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how each of the three factors is affected when 1 pound of carbon is 
burned with varioua air supplies. The air supplies are expressed as 
percentages of the amount theoretically required to bum I pound of 
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■XCKB OF AIK ABOVB TBI IHBOBKTlCAIt AS A FKRCENTIOB Of THE THBOBETIOU,. 
Frauu 90.— Cnrvea abowlajt tlie effect ol an aicesa ot air on; Total volume ol the products of combos- 
tloo (No. 1); density ot the piodiicla ot fomlmstlon (No. 2); tbe difference between ttae lemperBture ol 
tb»pR>d[]Ct>Dtamlnist[oiiaadthato[thedr7surfiu«o[tbebollerplat«(?}D. 3): tbe product of the ebova 
thni lUma <a the iMe of best ImpeilatlaD by coQTBctlaii to tbe first olemeutary l«i^ ot the dry nir. 
tK» (No. i). Tbe figure [a based on tbe computed remits obtained fmin burning 1 pound ot caibon with 
nffOQS asenes ot alfi tbe exceca belnf expraBsed as a peroeatage ot tbe theoretical amount. 

carbon completely. The lowest curve is the product of the three 
above it. The ordinates of the lowest curve are numbers propor- 
timal to the rate of heat absorption by conTection by th.<b '&:^ ^jsrt 
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mentaiy length of dry surface; they are not proportional to the total 
heat absorbed by a boiler. Attention is called to the fact that the last 
curve is a straight line. Although the temperature rises yery rapidly 
when the excess of air is reduced beyond 120 per cent, as shown by 
curve \o. 3, the density of the products of combustion, shown in 
curve No. 2 drops enou^ to neutralize the gain due to high tem- 
perature and the rate of heat absorption remains a straight-line 
function of the excess of eir. 

Table 21 gives a method of calculating the relative values of the 
three factors and the rates of heat absorption by the first elementary 
length of dry surface of the heating plates. The calculations are 
made for the combustion of 1 pound of carbon with various excesses 
of air as indicated in the first horizontal line of the table. The 
excess is expressed as a percentage of the wfflght theoretically required 
to bum 1 pound of carbon. In figuring the temperature of the prod- 
ucts of combustion the specific heat of gases was taken constant at 0.237. 

The curves of figure 89 were obtained by platting the proper values 
of Table 21. 
Tablb 21. — Mtlhod of caiculaUag relative raU$ of heal iJiiorptionbyahypotheliaitboiii'. 



» Atmospheric Ipmncratu™— 60" F. 

cKijiiBlsile-Eaxllerag. 

dTliis density relrrs to number ormolerules in s unit volume BDd not to 

cll \s merely B number proportional to thehest ulisorbed. It equals iU 



So far the effect of air supply on the rate of heat impartation to 
the first elementary length of dry surface along the path of the gases 
has been considered. As the gases flow over the dry surface and 
impart heat to it their temperature gradually drops, their density 
increases, and their velocity decreases if the cross-section of the gas 
passage remains the same. The change in these three factors con- 
tinuaily ciangea the rate ol lieat i'" -*«*«m. Vi \Jtia -^Wtes of the 
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boiler. If one wishes to compute the total heat imparted to the dry 
surface of the entire length of the gas path, equation (4) , H = Cg^CT-^) , 
can be appUed successively to small lengths of the dry surface 
along the the path of the gases. These lengths shoidd be of such 
magnitude that the variation of the three factors within these small 
lengths would be small and could be neglected. The portions of heat 
absorbed by each small length of the dry surface can be added and the 
total heat imparted to the heating plates of the boiler thus obtained. 
To illustrate this method let a speci&c example be used. 

Assume a given boiler consists of a single flue 0.1 foot in diameter 
and 10 feet long, and is operated at a steam pressure corresponding 
to a steam temperature of 320° F. This boiler is fed with the prod- 
ucts of combustion resulting from burning 1 poimd of carbon per 
hour with a 25 per cent excess of air. These conditions are the same 
as those given in the second vertical column of figures in Table 21. 
Tlie value of B in equation (4) can be assumed as 0.127, this value, 
when used with relative velocities and the relative density of the 
products of combustion, and when the unit of surface is expressed in 
square feet, will agree fairly well with the actual results. Let the 
length of the flue be divided into twenty parts each 0.5 foot long 
and having 0.157 square foot of area. In this calculation let the 
specific heat be 0.237 and constant for all temperatures. 

Thus, from Table 21 there is obtained 

(T-<) ^3,216, 2=0.1956, t?= 144.5. 

Then the heat imparted per hour to the first length of the tube is 

H = 0.127 X 0.157 X 3,216 X 0.1956 X 144.5 = 1,812 B. t. u. 

The absorption of the above quantity of heat from the gases 
reduces their temperature by 

17.67X0.237 ^^ 

The three factors at the entrance to the second 0.5-foot length of 
the flue are 

(T - = 3,216 - 433 = 2,783° F. 

g-0.1,y5b X (2,783 + 780) " '"^^^^ 

V - 144.5 X (3 215 ^ 780) ^^'^ 

In the last two equations the absolute temperature of the gases 
is obtained by adding to the factor (T — t) the absolute temperature 
of steam, which is 780° F. 

The heat imparted to the second portion of the length of the flue is 

H = 0J27XQ.157X 2,782 X0.1956x fi783 + 7S 

/2,783 + 780\ , -^o T5 X 
K 3,216 + 78o )-^-^^^^'^-^' 
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It will be 86611 thmt the two {acton in paraitheBeBi beiiig redprocais, 
drop out and the heat imparted to any 0.6-foot kngth of the tabe 
will be proportioiial to the faetw CT— <) akme. 

In Table 22 are giyen the three factors at the entrance of the gases 
to each p.5-foot length of the tube, and ihe quantity of heat absorbed 
bgr each length, the valuea having been ocHuputed as outlined above. 

Figure 01 ahowa graphically how the thiee facton vaiy with the 
length of the tube. The curvea have been platted from the values 
in Table 22. 

Tablb 22.^HmU impartaiUm along a kgpoAttied hatUr hAe, h^$ectUm$. 
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The arithmetical method of finding the temperature drop along any 
part of the gas path is slow and laborious. More accurate results 
can be obtained with less labor by the use of calculus. This can be 
done as follows: 

In the equation 

n^Cqv (T-0 (4) 

Let (T-0 = <? 

Inasmuch as q varies inversely and v directly as the absolute 
temperature of the gases, both can be expressed as functions of the 
temperature, thus: 

«=T 
v-C'T 
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here T—absolute temperature of the gaaea and C and C" are 
uistants. The velocity variea also directly as the quantity or tiie 
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nmtuiat vBOii zntiumcs bh d ox tobx, feet. 
nrwin.— Curves Aowlngrateotlmpartatlcinc^heatbrraaTM'tlon to • boDerflDe 10 tset hmi and 
0.1 loot la dlametci. 

ei^t of the gases and inversely as the cross-sectional area of the 
ks passage. For cylindrical passages the velocity v&riea aa l\v& 
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square of the diameter. Therefore if M is the weight of gases passing 
through the passage per second, and D is the diameter of the passage, 
the velocity is expressed by the equation 

KTM 



in which K is a new constant. 
Equation (4) then reduces to 



Hence in a short length <Zx of a cylindrical gas passage the heat 
transmitted to the boiler is 

-CpM(W-^xD7rdx-^dx 

or, dd hdx (5) 

C, a and b are different constants, each successive one combining 
two or three others during the course of transformations. The 
symbol Cp stands for specific heat of gas at constant pressure. 

Integrating equation (5), one has 

wlicro K i:i a const aiit of intonation. 
WIkmi / (), K^\o<rA 

(1 
When X -I, lo^/^/^ j^ + log^o 

0, cl 

Therefore, Oi = O^e- ^ (6) 

In equation ((>) /^j is the elevation of the temperature of the gases 
at any point I in the cylindrical gas passage above the temperature 
of the dry surface, Oq is the initial temperature elevation of the 
f^asos when they enter the flue, e is the base of the natural logarithm 
system and is equal to 2.718, c is a constant depending on the design 
and the condition of the boiler, I is any point along the length of 
the flue, and D is the diameter of the flue. With any one given 
boiler c would have to be determined experimentally. With c 
once determined the temperature of the gases at any point of the 
flue can be computed by substituting the distance of the point from 
the entrance end of the flue for I in equation (6). 



SPECIAL OBSERVATIONS IN CONNECTION WITH STEAMING TESTS. 359 

According to equation (6) the heat imparted to the dry*burface 
3f the flue is 

CpM^o(l-«~^) 
and the heat available for absorption is 

CpM^o. 
Therefore the true efficiency of the boiler is 

E = l-e"5 (7) 

Equation (7) states that the true boiler efficiency is independent 
of the initial temperature, and independent of the weight of gases pass- 
ing through, increases when the length of the gas path increases, 
and decreases when the diameter of the flue increases. It should 
be remembered that equation (4), from which equation (7) has been 
derived, is only an approximate one, and that there are modifying 
factors entering into the process of heat transfer from the gases to 
the metal plate. On the whole, however, when the velocity of 
the gases is fairly high equation (7) comes very near to the actual 
facts for a considerable range of the velocity. 

The results of the laboratory experiments made on small multi- 
tubular boilers and outlined in the preceding section of this bulletin 
show that as far as heat impartation by convection is concerned 
the true boiler efficiency is independent of the initial temperature 
of the gases. The experiments further show that the true boiler 
efficiency is nearly independent of the weight of gases passing 
through the boiler. The last statement has been found true also 
in tests made with a torpedo-boat boiler, the results of which are 
given in the preceding chapter. Figure 92 shows that the true boiler 
efficiency obtained on the tests just referred to is constant within 
about 4 per cent, although the weight of the gases passing through 
the boiler is more than tripled. The true boiler efficiency has been 
computed from the furnace temperature, the flue-gas temperature, 
and the temperature of the steam in the boiler, according to the fol- 
lowing equation: 

True boiler efficiency = 

temperature in furnace — temperature of flue gases 
temperature in furnace — temperature of steam. 

In the figiu'e the true boiler efficiency is platted against the weight 
of the coal fired per hour per square foot of grate area. This item 
has been taken because it is directly proportional to the weight of 
gases passing through the boiler. 
99133**— Bull. 23—12 ^24 
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Th&t long gas passages tcre more efficient than short ones of tte 
same cross section will perhaps be generally admitted. Oftea tli« 
gas passages in commercial boilers can be lengthened by baffling tlie 
boiler in such a way that the heating plates are put in series with 
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each other with respect to the gas path. A more detailed discussion of 
this feature is given in Bureau of Mines Bulletin No. IS, entitled "Heat 
Transmission into Steam Boilers" (now in course of pubhcation.) 

The fact that gas passages of smaller crosa section are more effi- 
dent than larger ones of the same length may perhaps be doubted 
on the ground that the larger 
gas passage contains more 
heating surface. The feature 
that makes the small gas 
passages more efficient than 
the larger ones is the fact 
that in the case of small 
gas passages the heal^giving 
medium, the gas, and the 
heat-receiving medium are 
brought closer together, and 
consequently the path of the 
heat is shorter and the ex- 
change of heat takes place 
in proportionately less time. 
The following illustration 
maybe useful in making clear 
the above explanation. 

In figure 92 are shown the 
cross section of two groups 
of boiler tubes. In the lower 
group all the dimensions are 
exactly one-fourth of the upper group. The heat travels from the gas 
outside the tubes into the water on the inside of the tubes. The longest 
path for the heat to travel is from the center of the gas space to the cen- 
ter of the tubes, or *»^ . ■ — ^^ shortest path is from the dry 
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surface of the tube to the wet surface, or from C to D. The average 
length of the heat path is approximately from E to F. Now, it is 
easy to see that this average length of the heat path is much shorter 
(only one-fourth as long) in the small tubes than in the large ones. 
It seems strange that in the past boiler men have been considering 
only a part of this heat path, that through the metal, which was the 
easiest part of the path, while the most tortuous part, that through 
the gas itself, was sdways neglected. The axiom in designing efficient 
boilers is to bring the gas and the water as close together as prac- 
ticable, above all, to reduce the path through the gas. An ideal case 
for rapid heat transmission would be to bubble the hot gas through 
the water in very fine jets ; in such a case the heat would be exchanged 
almost inunediately. 

PRINCIPIiES INVOIiVBD IN THE MOVEMENT OF OASES 
THROUGH STEAM-GENERATING APPARATUS. 

The movement of gases through the steam-generating apparatus 
is an essential factor in the production of steam. The air is caused to 
flow into the furnace through the grate and through the openings in 
the fire doors. This movement of the air brings to the burning fuel 
the oxygen necessary for the combustion. The gaseous products of 
combustion absorb the heat that is developed by the burning of the 
fuel and carry it to the heating plates of the boiler. After the boiler 
has absorbed most of the heat from the gas the latter flows out 
through the stack. Thus the movement of the gases serves as a 
conveyer which suppUes the fuel with the oxygen and carries the 
heat developed by the combustion to the heating surfaces of the 
boiler. After most of the heat has been absorbed the products of 
combustion are ejected through the stack. 

Gas flows only from a place of higher pressure to a place of lower 
pressure, just as water flows from a place of. higher level to a place 
of lower level. In the case of the steam-generating apparatus the 
gas flows through the furnace and boiler into the stack because 
the pressure in the stack is lower than that of the outside atmosphere. 
It takes its course through the furnace and the boiler because every 
other passage is usually prevented. The pressure in the stack can 
be reduced either by the use of a high stack or by an exhaust fan. 
The latter method of producing pressure difference is known as 
induced draft; it is used in most of the large power-plant installa- 
tions. The same movement of gases can be obtained if the pressure 
at the base of the stack is maintained at atmospheric pressure, and 
the pressure under the grate or in the firing room is raised above 
that of the atmosphere. This method of producing pressure differ- 
ence is known as forced draft, and is largely employed in the boiler 
plants of steamships. There 19 no fundamental difference between 
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the induced and the forced draft. In sigr esse when the tempera- 
ture and the resistance to the pasaage of the gases remain constant 
the velocity of the flow depends on the difference of the pressure 
at the front of the boiler and the base of the stack. There is no 
pulling or suction in the movement of gases, only pushing. If one 
stops to think that gas is a discontinuous substance he will admit 
this fact. To claim that the chimney or the exhaust fan pulls or 
sucks the gases out of the bofler setting would be as sensible as to 
claim that in the case of a condensing steam engine the condenser 
sucks the piston through the latter part of the stroke. 

The hi^ chimney is the most common means of producing diffe^ 
ence in pressures. The reduction in pre ssure at the base of the stack 
depends on the height of the latter and on the temperature difference 
of the column of gases inside of the stack and a column of outside air 
of the same dimensions. It is due to the fact that gases expand 
when heated, in consequence of which the chinmey contains a smaller 
wei^t of gases than a similar column of air at outside temperature. 
The column of hot gases inside of the chimney presses by its wei^t 
against the gases in the uptake of the boiler setting, and a column of 
air of the same dimensions and at atmospheric temperature pr efls e a 
with its weight against the gases in the ash pit and the furnace. As 
a result of this difference of pressure the outside air pushes the fur- 
nace gases into the chinmey and through it into the open air. Thus 
the heat left in the escaping gases is not entirely wasted, as part of 
it is utilized in keeping up the continuous current of gases flowing 
through the furnace and boiler. However, the part of the waste 
heat thus utilized is only about 4 per cent of the total heat rejected 
through the stack. 

With an exhaust fan between the uptake and the stack, the pressure 
anywhere in the boiler setting is below that of the atmosphere and 
is lowest at the edges of the blades next to the shaft. With a pressure 
fan applied to the ash pit or fire room the pressure under the grate 
or in the fire room is always above that of the atmosphere. At the 
top of the stack the pressure is always about equal to that of the 
atmosphere at that elevation. At the base of the stack the pressure 
is sometimes above and sometimes below the atmospheric pressure 
at that particular elevation, but it is always higher than the pressure 
at the top of the stack. The atmospheric pressure at the base of the 
stack is higher than that at the top of the stack by the weight of an 
air column equal in height to the chimney. 

In practice the pressures of the gases in the various parts of a 
boiler setting are measured with instruments called draft gages. 
The pressures are usually expressed in inches of water. One inch of 
water means a pressure sufiicient to support a column of water 1 inch 
high. The zero points are, or should be, the atmospheric pressure 
at the elevation of the boiler room. 
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The pressure drops gradually along the path of the gases from the 
ash pit to the uptake. The pressure drop from one point of the 
boiler setting to another varies with the resistance that the part of 
the path between the two points offers to the flow of gas. In the 
present state of meager knowledge of this resistance and in entire 
absence of adequate definition of a unit of this resistance, a state- 
ment of the exact relation between the pressure drop and the resist- 
ance can not be made. It can only be said that a high pressure drop 
from the ash pit to the furnace means a high resistance of the fuel 
bed, or a high pressure drop from the furnace to the uptake signifies 
that the gases meet high resistance when passing through the boiler. 
This law, which in some respects is similar to Ohm's law as appUed 
to problems involving electrical resistance of conductors, may be 
stated as follows: 

(a) If the total pressure drop from the ash pit to the uptake remains 
constant, the pressiu^e drop through any portion of the gas path 
varies with the resistance to the flow of the gases, although the relation 
may not be a simple proportion. Thus, suppose the total pressure 
drop, is 1 inch of water and the drop through the fuel bed is 0.5 inch, 
if the total pressure drop is kept the same but the resistance through 
the fuel bed is increased by doubUng its thickness, the pressure drop 
through the fuel bed will increase to about 0.66 inch of water; or, if 
for the same total drop the resistance of the fuel bed is increased by 
quadrupling the thickness, the pressiu^e drop through the fuel bed 
will increase to about 0.8 inch of water.** 

(b) When the resistance through any portion of the gas path 
remains constant, the weight of gas passing through this portion 
is approximately proportional to the square root of the pressure 
drops through this portion, provided that the temperature remains 
nearly constant. 

With any one boiler the resistance to the flow of gas from over the 
fire to the uptake is very nearly constant, so that one may say that 
the weight of gases passing through the boiler setting is approxi- 
mately proportional to the square root of the pressure drop from over 
the ^e to the uptake. For example, if in case (A) the pressure drop 
from the furnace to the uptake is 0.25 inch, in case (B) 1.0 inch and in 
case (C) 4.0 inches of water, the weight of gases passing through the 
boiler in the three cases will be proportional to Vo.25 = 0.5, Vl^= 1> 
and V^~2, respectively; that is, in case (B) the weight of gases 
passing through the boiler will be twice that in case (A) and one-half 
of that in case (C). Of course this is approximately true only if the 
temperature of the gases remains about the same. 

a The values 0.66 and 0.8 are obtained by deduction from experiments with shot, described in Bureau 
of Mines Bulletin 21. 
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Ordinarily the resistance of the fuel bed, particularly in the case 
of a hand-fired furnace, may vary considerably in a short interval 
of time, and as stated under (a) the pressure drop through the fuel 
bed varies correspondingly. Therefore, an increased weight of gas 
flowing through the fires and an increase in the rate of combustion 
will not generally follow an increase in the pressmre drop through the 
fuel bed. On the contrary, the weight of gases and the rate of com- 
bustion may decrease on account of the increased resistance in the 
fuel bed. The causes of increased resistance in the fuel bed may be 
fine coal, accumulated clinker, or fused coal. 

(c) If the resistence to the flow of gases remains constant, the 
pressure drop through any portion of the path of gases will have a 
constant ratio to the total drop from ash pit to uptake. Thus, for 
example, if the pressure drop from over the fuel bed to the uptake is 
0.5 inch of water when the total pressure drop from ash pit to uptake 
is 1 inch, it will be 1 inch if the total drop is increased to 2 inches, 
and 2 inches if the total drop is increased to 4 inches of water. 

(d) If the fuel bed is doubled in thickness, its resistance to the 
flow of gas is increased in such a way that to force the same weight 
of gas through it the pressure drop must be doubled; or, if the thick- 
ness of the fuel bed is quadrupled the pressure drop must be about 
quadrupled in order that the same weight of gas be pushed through as 
with the single thickness. Of course this law assumes that other 
conditions of the fuel bed as well as the temperature remain constant. 
Similarly if the length of the gas path through the boiler is doubled 
(without making any changes in its cross section or increasing the 
bends beyond a proportionate number) the pressure drop through it 
must be doubled if the same weight of gas is to be forced through; or 
if the length is quadrupled the pressure must also be quadrupled to 
pass as much gas through as with the single length. The condition of 
this law is that the cross-sectional area be not changed nor the num- 
ber of bends in the gas path be increased beyond the proportionate 
number.^ 

This is an important law, and should be given full consideration in 
cases where change in baffing is contemplated or where it is desired 
to increase the rate of combustion without means to increase the 
total pressure drop. Thus suppose in a plant where the total pressure 
drop available is 1 inch of water, the thickness of fuel bed at 100 per 
cent capacity is 12 inches. Suppose that with this thickness of fuel 
bed the pressure drop through the bed is 0.6 inch and through the 
boiler proper 0.4 inch. Suppose further that it is required to increase 
the capacity by 25 per cent and the total pressure drop can not be 
increased. This condition requires that the rate of combustion and 

a These laws are deduced from experiments with shot and with small multitubular boilers. Details 
of these experiments are found in Bulletin 21 of the Bureau of Mines; also in Bulletin 18, now in course 
of publication. 
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the weight of gases pushed through the furnace and boiler be increased 
by 25 per cent. To push through this increased weight of gas, the 
resistance to its flow must be reduced, which must be accompUshed 
by reducing the thickness of the fuel bed. The resistance through the 
boiler proper can not be varied without radical changes in the boiler 
setting. To push 25 per cent more gas through the boiler proper 
requires, according to the law under (6), 1.25^ times greater pressure 
drop than at normal capacity. Therefore the pressure drop from over 
the fuel bed to the uptake must be 

1.25^X0.4 = 0.6 (nearly). 

The available pressure drop through the fuel bed is then 1 — 0.6 = 0.4 
inches of water. To push 25 per cent more gas through the fuel bed 
with 0.4 inch of pressure drop, the thickness must be reduced to 

12X0.4 _ , . , 

= 5.1 mches. 



0.6x1.252 



The above example is presented to illustrate the principle and to 
show what reduction of the thickness of fuel bed may bring about. 
Some firemen have the idea that to reduce the air supply they must 
carry a heavy fuel bed. This is wrong. The gas analyses given in 
Table 7 and the discussion in coimection with it show that very httle 
free oxygen passes through the fuel bed. Large excesses of air usually 
enter the furnace through holes in the fuel bed, through the furnace 
doors, and through leaks in the setting. 

The law under (d) may be useful in predetermining the effect upon 
the rate of combustion when increasing the length of the path of 
gases over the heating plates of a boiler and of making other changes 
in the arrangement of the heating plate of a boiler. 

The reader should bear in mind that all of the four laws are true at 
constant temperature. When the temperature changes, some sUght 
modifications are necessary. 

THE WOBK DONE BY PUSHING GASES THBOTTGH THE FUBNACB 

AND BOIIiEB. 

The work done by pushing the gases through the steam-generating 
apparatus is equal to the volume of gas displaced times the pressure 
against which the volume of gas is displaced. If the' volume is 
expressed in cubic feet per second and the pressure in pounds per 
square foot, the product is the work done per second in foot-pounds 
(the volume of the gas should always be reduced to atmospheric 
temperature). 

The following example shows a method of computing the work 
done in pushing the gases through a boiler setting: 
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A batteiy of boilers deydoping 1,000 boiler horsepower bums 4,000 
pounds of coal per hour with the average air supply of 15 pounds per 
pound of coal. The battery is operated with an ayerage pressure 
drop from the ash pit to the uptake of 1 inch of water. A pound of 
air at atmospheric temperature occupies a volume of about 13 culnc 
feet. This figure makes the total volume of gas pushed throu^ the 
boilers per second equal to 

4,000X16X13 ^-^ u- * * 
60X60 ^217 cubic feet. 

The pressure of 1 inch of water is equivalent to a pressure of 5 
ppunds per square foot, so that the work done per second in pushing 
the gases through the boiler setting is 

217 X 5 - 1,085 foot-pounds, or 

The last figure is surprisingly small, but it is perhaps larger than 
the power actually used in practice. It is true that in mechanical- 
draft installations the power required to drive the fans is much larger 
than the preceding figure indicates, but this large amount of power 
is due to inefiicient fans, long, narrow air ducts (often containing 
many sharp turns), and perhaps a large percentage of leakage. It 
may be stated that the efficiency of the fans used for producing drafts 
runs between 5 and 50 per cent; many fans have an efficiency much 
nearer to 5 than to 50 per cent. These inefficient fans are the result 
of the demand for cheap machinery. In the past such demands 
were entirely excusable; nobody wanted to pay a high price for an 
efficient fan to save 1 per cent or less of steam; for even if the fans 
consumed 10 times as much energy as was really required to push the 
gases through the boiler setting the amount of steam used for that 
purpose would be less than 2 per cent. 

The capacity of a boiler is increased by pushing over its heating 
plates a larger weight of gases. Thus, to double the capacity the weight 
of gases must be about doubled; to triple the capacity the weight of 
gases must be tripled, and so on. The power required to push the 
gases through the boiler increases much faster than the weight of the 
gases or the capacity of the boiler. This increase in the power is rapid 
because both the volume of gases and the pressure against which 
the gas is pushed increase. Moreover, the pressure increases as the 
square of the weight of gases to be pushed through, so that the work 
put on the fan increases approximately as the cube of the capacity. 
Thus, doubling the capacity of the battery of boilers previously re- 
ferred to would increase the work put on the fan eight times, and trip- 
ling the capacity would increase the load on the fan 27 times that at 
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nonnal capacity, and so on. The power actually needed to push the 
gases through the furnace and the boiler, even with this large increase, 
would be so small that quadrupling the capacity of the battery of 
boilers appears entirely feasible and practicable, particularly so in 
lai^e power plants where power from steam is derived by large steam- 
tinrbine units and where efficient fans driven with electric motors 
could be employed. The reduction in the first cost of a power plant 
due to a smaller number of boilers would be a very large item and 
very much in favor of operating boilers at high capacity. 

BEIiATION OF PBESSTJBE DROP TO BATE OF COMBUSTION AND 

EVAPOBATION. 

Since for any one steam-generating apparatus the resistance to the 
flow of gas between the furnace and the uptake is practically con- 
stant, it is reasonable to expect that for a greater difference in pres- 
sures between these two places a greater weight of gases will pass 
through the boiler, provided that the temperature of the gases remains 
unchanged. The passage of a greater weight of gases is the result of 
a higher rate of combustion and the cause of a more rapid production 
of steam. Thus, one may logically conclude that the rate of com- 
bustion and the capacity of the boiler will vary with the difference of 
pressures between the furnace and the uptake. 

The resistance which the fuel bed offers to the flow of air varies 
with the thickness of the fire, the size of the coal, and the nature and 
quantity of the ash on the grate. It would be hardly reasonable to 
expect an increased rate of combustion and higher capacity when one 
or more of these factors increases the resistance of the fuel bed, 
although the pressure drop through the fuel bed may be increased. 

The resistance of the grate is constant and should be small, because 
the energy required to move air through it is uselessly expended. It 
follows, then, that the percentage of air spaces in the grate should be 
as high as mechanical construction and factor of safety allow. The 
pressure drop through the grate alone should be as nearly zero as 
possible. The power applied to the fans should be utilized as com- 
pletely as practicable in two ways only — (a) in scrubbing ashes and 
products of combustion off the solid pieces of fuel, and (6) in scrub- 
bing the soot and cooled gases off the water-heating surface. 

SIGNIFICANCE OF DBAFT OVEB THE FUEL BED. 

A draft gage connected to the space above the fuel bed gives 
useful information as to the condition of the fire to a fireman who 
understands the significance of its indications. Thus, after cleaning 
a fire, if the pressure drop from ash pit to fuel bed is too small, the 
fireman may be sure that there are holes in the fire, or that it is too 
thin; or, if the pressure drop is too great, it is probable that the fire is 
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These average points are connected with broken Unes to show the 
general tendency of the variation. 

Through the group of evaporation points are drawn four lines of 
constant over-all efficiency of the steam-generating apparatus; that 
is, all tests falling on the same line were run with the same over-all 
efficiency. The top curve, or rather the top group of points, gives the 
capacity of the boiler that has been developed during each test. 
The average of this group runs between 90 and 100 per cent of the 
capacity as rated by the builders, and is nearly constant for all heat 
values of the coals. The fact signifies that by proper manipulation 
of the fires it is possible to obtain the rated capacity of the boiler 
with almost any coal, no matter what its heat value may be. 

The second and the third group of points show that as the heat 
value of 1 pound of coal as fired decreases from 14,600 to 10,200 
B. t. u., the ash and moisture increase from about 5 to 20 per cent. 
Undoubtedly this increase in moisture and ash is the direct cause of 
the low heat value of the coals at the right of the plat. The lowest 
curve (marked ''volatile matter'') shows that for the above decrease 
in the heat value of the coals the volatile matter increased from 
about 30 to 45 per cent, indicating that in general the coals used in 
the tests shown at the right of the plat are of lower grade than those 
at the left of the plat. 

The second group of points from the bottom of the chart (marked 
"evaporation'') gives the evaporation per pound of coal as fired. 
It is the most interesting group of points in the figure. The significant 
feature of this group is that the average drops very nearly in propor- 
tion to the heat value of the coal. It is worthy of note that the over- 
all efficiency drops only about 4 per cent when the heat value of the 
coal drops from 14,600 to 10,200 B.t. u. This drop in efficiency is not 
due to the low heat value of the coal, but to the large percentages of 
ash, moisture, and volatile matter in the coal as fired. 

It has been stated in the discussion of the effects of ash on the 
economy in steam production, that a large percentage of ash re- 
duces the efficiency by causing a large local air supply and at the same 
time may be also the cause of incomplete combustion. In the section 
on the effects of the moisture on economy, it has been shown that 
high moisture increases incomplete combustion and on account of 
the high latent and specific heats of water causes large chimney losses, 
thereby reducing the efficiency. High-volatile coals are always 
difficult to bum on account of the heavy hydrocarbon gases and tar 
vapors which are distilled from the fuel bed and must be burned in 
the combustion space of the furnace. Consequently when coals dis- 
tilling larger quantities of these heavy gases and tar vapors are 
burned the combustion is not as complete as when their quantity is 
small. Therefore, one is justified in stating that the high volatile 
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matter of the coals used in the tests shown at the right of the plat is 
responsible for a part of the 4 per cent drop in the over-all efficiency. 

Inasmuch as the evaporation per poimd of moist coal in any steam- 
generating apparatus is nearly proportional to the heat value of the 
coal, it is plain that wherever possible coal should be bought on the 
B. t. u. basis. Moisture and ash-free coal coming from the same 
coal bed does not vary appreciably in heat value. Therefore after 
the heat value of a coal has been once determined with a calorimeter, 
the heat value of other lots of coal from the same bed may be closely 
computed from the moisture and ash determinations which any 
intelligent boiler-room operator can make. Inasmuch as large pe^ 
centages of moisture, ash, and volatile matter in the coal increase the 
chimney losses and are the causes of less complete combustion a 
proper correction ranging from 1 to about 5 per cent should be made 
on the heat value of the coals. 

The preceding deductions are drawn from the results of tests made 
in a hand-fired furnace under a Heine boiler, and are strictly appli- 
cable to that type of furnaces. However, the authors are confident 
that the same deductions hold true to a large measure with all me- 
chanical methods of stoking coals. 

PUBLICATIONS ON FUEL TESTING. 

The following publications, except those to which a price is affixed, 
may be obtained without cost by applying to the Director, Bureau 
of Mines, Washington, D. C. The priced publications may be pur- 
chased from the Superintendent of Documents, Government Printing 
Oflice, Washington, D. C. 

PUBLK^ATIONS OF THE BUREAU OF MINES. 

Bulletin 1. The volatile matter of coal, by II. C. Porter and F. K. Ovitz. 1910. 
56 pp., 1 pi. 

Bulletin 2. North Dakota lignite as a fuel for power-plant boilers, by D. T. Ran- 
dall and Henry Kreisinger. 1910. 42 pp., 1 pi. 

Bulletin 3. The coke industry of the United States as related to the foundry, by 
Richard Moldenke. 1910. 32 pp. 

Bulletin 4. Features of producer-gas power-plant development in Europe, by 
R. H. Fernald. 1910. 27 pp. 4 pis. 

Bulletin 5. Washing and coking tests of coal at Denver, Colo., by A. W. Belden, 
G. F. Delamater, J. W. Groves, and K. M. Way. 1910. 62 pp. 

Bulletin 6. Coals available for the manufacture of illuminating gas, by A. H. White 
and Perry Barker. 1911. 77 pp., 4 pis. 

Bulletin 7. Essential factors in the formation of producer gas, by J. K. Clement, 
L. H. Adams, and C. N. Haskins. 1911. 57 pp., 1 pi. 

Bulletin 8. The flow of heat through furnace walls, by W. T. Ray and Henry 
Kreisinger. 1911. 32 pp. 

Bulletin 9. Recent development of the producer-gas power plant in the United 
States, by R. H. Fernald. 82 pp. , 2 pis. Reprint of United States Geological Survey 
Bulletin 416. 
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Bulletin 11. The purchase of coal by the Croyemment under specifications, by 
George S. Pope. 80 pp. Reprint of United States Geological Survey Biilletin 428. 

Bulletin 12. Apparatus and methods for the sampling and analysis of furnace 
gases, by J. C. W. Frazer and E. J. Hoffman. 1911. 22 pp. 

Bulletin 14. Briquetting tests of lignite at Pittsburgh, Pa., 1908-9; with a chapter 
on sulphite-pitch binder, by C. L. Wright. 1911. 64 pp., 11 pis. 

Bulletin 16. The uses of peat for fuel and other purposes, by C. A. Davis. 1911. 

2l4 pp., 1 pi. 

Bulletin 19. Physical and chemical properties of the petroleums of the San Joaquin 
Valley, Cal., by I. C. Allen and W. A. Jacobs, with a chapter on analyses of natural 
gas from the southern California oil fields, by G. A. Burrell. 1911. 60 pp., 2 pis. 

Bulletin 21. The significance of drafts in steam-boiler practice, by W. T. Kay and 
Henry Kreisinger. 62 pp. Reprint of United States Geological Survey Bulletin 367. 

Technical Paper 1. The sampling of coal in the mine, by J. A. Holmes. 1911. 
18 pp. 

Technical Paper 2. The escape of gas from coal, by H. C. Porter and F. K. Ovitz. 
1911. 14 pp. 

Technical Paper 3. Specifications for the purchase of fuel oil by the Government, 
with directions for sampling oil and natural gas, by I. C. Allen. 1911. 13 pp. 

PUBLICATIONS OF THE UNITED STATES GEOLOGICAL SURVEY. 

[Transferred to the Bureau of Mines.] 

Professional Paper 48. Report on the operations of the coal-testing plant of the 
United States Geological Survey at the Louisiana Purchase Exposition, St. Louis, 
Mo., 1904; E. W. Parker, J. A. Holmes, M. R. Campbell, committee in charge. 1906. 
In three parts. 1492 pp., 13 pis. $1.50. 

Bulletin 261. Preliminary report on the operations of the coal-testing plant of the 
United States Geological Survey at the Louisiana Purchase Exposition, in St. Louis, 
»Mo., 1904; E. W. Parker, J. A. Holmes, M. R. Campbell, committee in charge. 1905. 
172 pp. 10 cents. 

Bulletin 290. Preliminary report on the operations of the fuel-testing plant of the 
United States Geological Survey at St. Louis, Mo., 1905, by J. A. Holmes. 1906. 
240 pp. 20 cents. 

Bulletin 323. Experimental work conducted in the laboratory of the United 
States fuel-testing plant at St. Louis, Mo., January 1, 1905, to July 31, 1906, by N. W. 
Lord. 1907. 49 pp. 

Bulletin 325. A study of four hundred steaming tests made at the fuel-testing 
plant, St. Louis, Mo., 1904, 1905, and 1906, by L. P. Breckenridge. 1907. 196 pp, 
20 cents. 

Bulletin 332. Report of the United States fuel-testing plant at St. Ix)uis, Mo., 
January 1, 1906, to June 30, 1907; J. A. Holmes, in charge. 1908. 299 pp. 25 cents. 

Bulletin 336. Washing and coking tests of coal and cupola tests of coke, by Richard 
Moldenke, A. W. Belden, and G. R. Delamater. 1908. 76 pp. 10 cents. 

Bulletin 343. Binders for coal briquets, by J. E. Mills. 1908. 56 pp. 

Bulletin 362. Mine sampling and chemical analyses of coals tested at the United 
States fuel-testing plant, Norfolk, Va., in 1907, by J. S. Burrows. 1908. 23 pp. 
5 ceiits. 

Bulletin 363. Comparative tests of run-of-mine and briquetted coal on locomotives, 
including torpedo-boat tests and some foreign specifications for briquetted fuel, by 
W. F. M. Goss. 1908. 57 pp., 4 pis. 

Bulletin 366. Tests of coal and briquets as fuel for house-heating boilers, by D.T. 
Randall. 1908. 45 pp., 3 pis. 
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Bulletin 368. Washing and coking teeta of coal at Denver, Colo., Dy A. W. Belden, 
G. R. Delamater, and J. W. Grovee. 1909. 54 pp., 2 pis. 10 cents. 

Bulletin 382. The effect of oxygen in coal, by David White. 1909. 76 pp., 3 pis. 
f Bulletin 385. Briquetting tests at the United States fuel-testing plant, Norfolk, 
Va., 1907-^, by C. L. Wright. 1909. 41 pp., 9 pis. 

: Bulletin 392. Commercial deductions from comparisons of gasoline and alcohol 
tests on internal-combustion engines, by R. M. Strong. 1909. 33 pp. 

Bulletin 393. Incidental problems in gas-producer tests, byR. H. Femald. 0. D. 
Smith, J. K. Clement, and H. A. Grine. 1909. 29 pp. 
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results of 58, 72, 86, 100, 116, 130 

Donkville, HI. , coal, tests of, notes on 156 

results of 61, 74, 89, 103, 179, 133 

Draft, boiler, discussion of 361-363 

law governing, definition of 363 

regulation of 24, 27 

relations of 367 

changes in, definition of law governing . . 363 

indications from 367 

chimney, principles involved in 362 

effect of condition ofcoal on 368 

fans, efficiency of 366 

forced, definition of. 49 

functions of 361 

gages, description of 36 

indications from, value of. 367 

induced, definition of. 49 

means of producing 362 

natural, definition of 48 

production of, methods of 362 

relation of thickness of fuel bed to 364 

law governing 364 

relation of variation in capacity of boiler 

to 367 

in rate of combustion to 365 

velocity of, cause determining 362 

" Drafts," determination of 40, 44, 362 

error in 44 

Dugger, Ind. , coal, tests of, notes on 162 

results of 62,76,90,105,120,134 
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Earlington, Ky. , coal, tests of, results of 64, 

78,92,107,122,137 
East Millsboro, Pa. , coal, tests of, notes on. 176, 191 

results of 67,80,96,109,125,139 

Edwards, Ind. T. , coal, tests of, results of 63, 

77,91,105,121,135 
Efllciencies of steam-generating apparatus, 

classes of. 197 

Efflcienoy over-fdl, definition of. 56 

See Boiler efficiency; oombustlon-epaoe 
efficiency; furnace efficiency. 

Ehrenfeld, Pa., coal, tests of, notes on 177 

resultsof 67,80,95,109,125,139 

Ellsworth, Pa., coal, tests of, notes on 176 

results of 67, 80, 95, 109, 125, 139 

Evaporation, equivalent, determination of... 53 
total, determination of 53 

F. 

Fans, "draft," efficiency of 366 

Feed water, tanks for 28, 29 

temperature of, determination of 39 

» error in 43 

weighing of. 39 

Femald, R. H., work of 3, 4 

Fire, cleaning of, effect of, on boiler circula- 
tion 274 

Firing, methods of 66 

figure showing 55 

Fixed carbon, in fuel, relation of, to air supply . 237 
to boiler capacity, figure showing 237 

to efficiency 237 

to heating value 201 

to temperature 237 

to tost items, flKUro showing 234 

left on gralo, proport ion of 334 

Fleinlng, Kans., coal, tests of, results of 64, 

77,92,107,122,136 

Florida i)eat, tests of, notes on 147 

results of 69, 73, 87, 101, 1 17, 131 

Flue pases. See Gases, flue. 

Flues, (Uinensions of, relations of, to efficiency 310 

Flushing, Ohio, coal, tests of, notes on 176 

result s of 60, 80, 94, 109, 124, 139 

Forced draft , definition of 49 

Fort Uidge, Tenn., coal, tests of, notes on 179 

results of 67,81,95, 110, 125, 139 

Froinbcrg, Mont., coal, tests of, notes on 171 

results of 65, 79, 93, 107, 123, 137 

Frostburg, Md., coal, tests of, notes on 170 

results of 05, 79, 93, 107, 123, 137 

Fuel bed, reactions in 331 

resistance of, factors affecting 364 

law governing 364 

tests. Government, purpose of 6 

thickness of, error in estimating 41 

Furnace, definition of 194 

function of 194 

parts of 196 

tile-roof, advantages of 231 

Furnace efficiency, definition of 54, 194, 196 

factors governing 195 

See Efficiency, furnace. 
Furnace gases. See Oases, furnace. 

Furnace terajxerature, measuring of 40 

errorin 44 
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Gages, draft, description of 36 

Gallup, N. Mex., coal, tests of, results of 65, 

79,93,106,123,137 

results of 68, 72,86, 100,116,130 

Gamsey, Ala, coal, tests of, notes on. 145 

Gaa-analysis apparatus, Oisat 34 

Gas-mixing structures, description of 296 

wall, figure showing 296 

Gas producer, fuel bed in, gases from 2S3-287 

samplers, comparison of 2IK 

construction of. 283 

figureshowing 294 

Gases, boiler, composition of 280 

combustible, formation of, in fuel bed. ... 331 
in the fuel bed, analyses of. 282, 283, 287, 288 
oombustion-chamber, comi)osition of, in 

relation to flue-gas temperature 216 

flue, carbon dioxide in, effect of, on effici- 
ency 217 

, figureshowing 217 

carbon monoxide in, effect of, on 

efficiency 217 

sam piers for 29-34 

sampling of 39 

error in 43 

temperatiu^ of , measuring of 40 

determination of, error in 43,306 

thermometers for, descrip- 

/tionof 34 

relation of, to combuation-cham- 

' ber temi>erature 230 

to rate of combustion 204 

weights of, formula for computing 56 

furnace, analysis of 215 

carbon dioxide in 215 

carbon monoxide in 215 

^constituents of 215 

oxygen in 215 

relation of composition of, to tem- 
perature 215-216 

water vapor In 215 

mixing of. Sf** Mass action, law of. 

devices for 20,27 

movement of, principles involved in. . . 361-365 

through boiler, experiments on 310 

path of, figure showing 19 

heat along, effect of air supply on — 354 

producer, constituents of 283-287 

samplers for, construction of 293 

figure showing 294 

samples of, comparison of, taken with 

different samplers 295 

figure showing 295 

from combustion chamber, analyses 

of 288 

temperature of, method of measuring 303 

drop of, equation for 356 

figure showing 304 

See Orsat apparatus. 

Gatllfl, Tenn., coal, tests of, notes on 180 

results of 67, 81, 95, 110, 125, 140 

Geological ffiurvey. United States, steaming 

tests by 7 

publications on 7 

Georgia coal, tests of, notes on 147 

results of 69, 73, 87, 101, 117, 131 
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Germantown, HI., coal, tests of, notes on 157 

results of 61, 75, 89, 103, 119, 133 

Glen Alum, W. Va., coal, tests of, notes on. . 187 

results of 69, 83, 97, 113, 127, 142 

Grate, eflBciency of 196 

function of 196 

Greensburg, Pa., coal, tests of, notes on 176 

results of 66, 80, 95, 109, 125, 139 

H. 

Hanna, Wyo., coal, tests of, notes on 189 

resultsof 70,84,98,113,128,143 

Harrisburg, HI., coal, tests of> notes on 159 

results of 61, 75, 89, 103, 119, 133 

Hartshome, Ind. T., coal, tests of, notes on. . 164 

results of 63, 77, 91, 105, 121, 135 

Hartwell, Ind., coal, tests of, notes on 162 

results of 62, 76, 90, 105, 120, 135 

Hastings, Pa., coal, tests of, notes on 178 

results of 67, 80, 95, 109, 125, 139 

Heat absorbed by boiler, computation of — 56 
absorption of, rate of, method of calculating 354 

convection of, in boiler water 354-361 

evolution, rate of, effect of 207 

flgureshowing 205,208 

losses, in boiler, statement of 256 

lost in CO, computation of 57 

in dry gases, computation of 57 

in radiation, computation of 57 

relation of water formed by burned 

hydrogen to, computation of 57 

path of, through boiler 340 

transmission, experiments on, apparatus 

and methods of. 309 

deductions from 309 

laws governing, equations of 299 

travel, average distance of, figure showing 360 
Heat absorbing properties of boilers, calcula- 
tion of. 301 

Heating value of coal, determination of 52 

relations of 262 

flgureshowing 263,368 

Henryetta, Ind. T., coal, tests of, notes on. . . 164 

results of 63, 77, 91, 105, 121, 135 

Hermenie, Pa., coal, tests of, notes on 178 

resulte of 67, 81, 95, 110, 125, 139 

Hemshaw, W. Va., coal, tests of, notes on 187 

results of 70, 83, 98, 113, 128, 142 

Herrin, 111., coal, tests of, notes on 153, 158 

resultsof 60,61,74, 

75, 88, 89, 102, 103, 118, 119, 132, 133 

Higbee, Mo., coal, tests of, notes on 170 

results of 65, 79, 93, 107, 123, 137 

Holmes, J. A., work of 5 

Horse Creek, Ala. , coal , tests of, results of 58, 

72,86,100,116,130 

Horsepower, boiler, definition of 53 

Hoyt, Tex., coal, tests of, notes on 183 

results of 68, 82, 96, 111, 126, 141 

Huff, Pa., coal, tests of, notes on 179 

results of 67, 81, 95, 110, 125, 139 

Hughes smoke preventer, use of 20 

Huntington, Ark., ooal, tests of, results of. . . 58, 

72,86,100,116,130 

Huntsville, Mo., coal, tests of, notes on 170 

results oi 65, 79, 93, 107, 123, 137 

Hydrogen. See Gases. 



Page. 

Hymera, Ind., coal, tests of, notes on 160 

results of 61, 75, 89, 104, 119, 134 

I. 

Illinois coal, tests of, notes on 147, 191 

results of 59, 73, 87, 101, 117, 131 

Indiana coal, tests of, notes on 159 

results of 61, 75,89, 103, 119, 133 

Indian Territory, coal, tests of, notes on 164 

resultsof 63,77,91,105,121,135 

Induced draft, definition of 49 

Iowa coal, tests of, results of. . 63, 77, 91, 106, 121, 136 

J. 

Jenny Lind, Ark. , coal , tests of, results of 58, 

72,86,101,116,130 

Jewett, Kans., coal, tests of, notes on 168 

results of 64, 78, 92, 107, 122, 136 

Jones underfeed stoker, use of 24 

K. 

Kansas coal, tests of, notes on 168 

resultsof 64,77,92,107,122,136 

Kemmerer, Wyo., coal, tests of, notes on 189 

results of 70, 84, 98, 113, 128, 143 

Kentucky coal, tests of, notes on 168 

resultsof 64,78,92,107,122,137 

Kingmont, W. Va., coal, tests of, results of. . . 69, 

83,97,111,127,141 

L. 

Laddsdale, Iowa, coal, tests of, results of 63, 

77,91,105,121,135 

Lafayette, Colo., coal, tests of, results of 58, 

73,87,101,117,131 

La Salle, HI., coal, tests of, notes on 153 

results of 60, 74, 88, 102, 118, 132 

Lehigh, Ala., coal, tests of, notes on 146 

results of 58, 72, 86, 100, 116, 130 

Lehigh, Ind. T ., coal , tests of, results of 63, 

77,91,105,121,136 

Lehigh, N. Dak. , coal , tests of, resul ts of 65, 

79,93,108,123,137 

Lester, Ark., coal, tests of, notes on 147 

results of 58, 73, 87, 101, 117, 131 

Lignite, North Dakota, tests of, results of 329 

Ligonler, Pa., coal, tests of, notes on 177 

results of 67, 80, 95, 109, 125, 139 

Lincoln, HI., coal, tests of, notes on 157 

results of 61, 76, 89, 103, 119, 133 

Linton, Ind., coal tests of, notes on 163 

results of 62, 76, 90, 105, 121, 135 

Littles, Ind. , coal, tests of, notes on 160 

resultsof 62,75,90,104,120,134 

Livingstone, HI., coal, tests of, notes on 158 

resultsof 61,75,89,103,119,133 

Lloydell, Pa., coal, tests of, notes on 178 

resultsof 67,81,95,110,125,139 

Locomotive, boiler of, tests in 321-328 

conclusions from 328 

furnace of, figure showing 322 

smoke box of, figure showing 323 

spark catcher of, figure showing 324 

Lord, N. W., work of. 3,4,40 

Louisiana Purchase Exposition, fuel tests 
at 6 
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McDonald, W. Va.» oo«l tests of, notes on... . 187 

results of 69.83.97,113,127,142 

If cllenry, Ky ., coal, tests of, notes on 169 

results of 65.78,93,107,123,137 

If acksville, Ind., coal, tests of, note on 161 

results of 62,76,90,105,120,134 

Marion, 111., coal, trats of, results of 09, 

73,87,101,117,131 

Maryland coal, tests of, notes on 169 

results of 61, 

65, 74. 78. 89. 93, 103, 107, 119, 123, 133, 137 

Marysville, 111., coal, tests of. notes on 156 

results of 61.74.89,103,119,133 

Mass action, law of, application of 337 

to combustkm 331 

definition of 336 

Mechanical stoken, advantaftes of 834 

Mendota, Mo., coal, tests of, rasalts of 05, 

79,93,107,128,187 

Mendoza, Argentina, coal, tests of, notes on.. 190 

results of 70,84,99,113,129,143 

Menlo, Oa., coal, tests of, notes on 147 

results of 50,73,87,101,117,131 

Midland, Ark., ooal, tests of, notes on 147 

results of 58,72,86,101,117,131 

Mildred, Ind., coal, tests of. results of 61, 

75,80.103,119,133 

Mineral City, Ohio, coal, tests of, notes on . . . 175 

results of 66,80,94,109,124,139 

Missouri coal, tests off notes on 170 

resulUof 65,79,93,107,123,137 

Moisture, loss of, by coal 51 

in coal, effect of 242 

figure showing 243,245,246 

in steam, detormination of 40. 44 

Monarch, \V. V^a., coal, tests of, notes on 188 

MonoDKuh, W. Va.. coal, tests of, notes on. . . 186 

results of 60, 

70. S3, 97,9s. 112, 113, 127, 128, 142, 143 

Montana ooal, tests of, note^ on 171 

results of 05, 79, 93, 107, 123. 137 

Mora, W. Va., coal, tests of, results of 69, 

8:J, 97, 112, 127, 141 

Morgantown, W. Va., coal, tests of, results of . 69, 

83,97,112,127,141 
X. 

Natural draft, definition of 48 

Nells, Ohio, coal, tests of, notes on 174 

results of 60,79,94,109,124,138 

New Baden, 111., coal, tests of. notes on 157 

results of 61, 75, 89, 103, 119, 133 

New Home, Mo., coal, tests of, results of 65, 

79,03,107,123.137 

New Mexico, coal, tests of, notes on 171 

results of 65, 79, 93, 108, 123. 137 

Norfolk, Va., fuel tests at 

purpose of 6 

steam plant at, see Steam plant at Nor- 
folk, Va 15 

steaming tests at, boiler equipment in . . . 10 

steaming tests at. coal tested in 10 

object of 10 

Normsuid boiler, dimensions of 313 

spark catchers for, figure showing 316 

tests on, conclusions from 320 

and setting, figure showing 314 
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North Dakota coal, tests of, notes <m 173 

results of 66, 79, 98, 108, 123, 137,38 

Noringer, Mo., coal, tests of, notes on 171 

resoltsof 65, 70, 98, 107, 123, U7 
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O'FaUoa, IlL, ooal, tests of, results of 59, 

73,87,101,117,131 

Ohio coal, tests of, notes on 172 

resultsof 66,79,03,108,123,138 

Oliver Springs, Tenn., coal tests of. Botes on. 180 

resultsof 67, 81,05, 111, 126, 1« 

Orlando, FlA., peat, tests of, notes on 147 

resultsof 89,78,87,101,117,131 

Ome,Tenn., ooal, tests of. Botes on 182 

results of 68, 82,96, 111, 126,141 

Oraat appantus. descriptloo of 34 

Oxygen In coal, relation of, figure diowing... 254 
supply, rate of, relations of 339 

P. 

Page, W. Va., ooal, tests of, notes on 185 

results of 60, 83, 97, 112, 127, 141 

Paintsrille, Ky., ooal, tests of, notes on 109 

resultsof 64,78,92,107,123,137 

Paisley, HI., coal, tests of; notes on 148 

resultsof 89,73,87,101,117,131 

Panama, Ind. T., ooal, tests of, notes on 166 

resultsof 63,77,91,106,121,135 

Parker, E.W., work of 3,5 

Peat, Orlando, Fla., tests of, notes on 147 

Pennsylvania ooal, tests of, notes on 176 

resultsof 66,80,94,109,125,139 

Petros, Tenn., coal, tests of, notes on 181 

results of 67,81,95,111,126,140 

Pittsburgh, Pa., fuel tests at 6 

Powellton, W. Va., coal, tests of, results of. . . 69, 

83,97,112,127,141 
Pressure drop. 5?^ "Draft." 
Producer gas. See Gas, producer. 
Pyrometers, furnace 35 

R. 

Radiation, definition of , 341 

law of 347 

application of 345 

definition of 344 

equation for 345 

transfer of heat by, figure showing 346 

Randall, D. T., work of U 

Ray, W. T., work of 11 

Red Star, W. Va., coal, tests of, notes on 167 

results of 63, 77, 91, IOC, 121, 136 

Refuse, weighing of, error in 41 

weight of, definition of 60 

determination of 38 

Renton, Wash., coal, tests of, notes on 185 

resultsof 60,82,97,111,127,141 

Rhotle Island coal, tests of, notes on 179, 191 

results of 67,81,95, 110,125,139 

Riohlands, Va., coal, tests of, notes on 185 

resultsof 60,82,97,111,127,141 

Rio Grande do Sul, Brazil, coal, tests of, notes 

on 190 

resultsof 70,84,99,113,129,143 
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Rosedale, Ind., coal, tests of, notes on 162 

results of 62, 76, 90, 105, 120, 134 

Koslyn, Wash., coal, tests of, notes (m 185 

results of 69,82,97,111,127,141 

Run-of-mine coal, definitkm of 47 

Rush Run, Ohio, ooal, tests of, notes on 174 

results of 66, 79, 94, 109, 124, 138 

Rush Run, W. Va., coal, tests of, notes on... 166 

rasultsof 63,77,83, 

91, 97, 106, 112, 121, 127, 135, 141 



S. 



St. Louis, Mo., fuel tests at 5 

purpose of. 6 

steMn plant at, boiler and equipment in. 12 
See Steam plant at St. Louis, Mo. 

steaming tests at 9 

boiler equipment in 10 

coals tested in 10 

purpose of. 9 

results of, value of 9 

summaryof 366 

Samplers, flue-gas 29-34 

Samples, flue-gas, method of ooUeoting. .31-34, 38, 43 

of ash ) oans for 29 

of coals tested, ooUeotion of 11 

Scales, weighing, calibration of 28 

Scammon, Elans., ooal, tests of, results of . . . 64, 

78,92,107,122,136 

Scranton, Pa., ooal, tests of, results of 66, 

80,94,109,125,139 

Screen, coal-sizing, description of 37 

Seelyville, Ind., coal, tests of, notes on. 163 

results of 62,76,90,105,121,135 

Seward, Pa., coal, tests of, notes on 179 

results of 67,81,95,110,125,139 

Shawnee, Ohio, coal, tests of, notes on 173 

results of 65,79,93,108,123,137 

Sheridan, Wyo., ooal, tests of, lesalts of 70, 

83,96,113,128,143 

Shiloh, HI., coal, tests of , notes on 159 

results of 61,75,89,103,119,133 

Smoke, causes of 269 

density of, estimation of 40 

estimation of , error in 45 

relation of, to test items, figure showing. . 270 

Spadra, Ark., coal, tests of, notes on 147 

results of 68, 72, 87, 101, 117, 131 

Springfield, 111., coal, tests of, notes on 153 

results of 60, 74, 88, 102, 118, 132 

Stanton, P.M., work of 40 

Star City, Ind., coal, tests of, notes on 159 

results of 61,75,89,104,119,133 

Staunton, 111., coal, tests of, notes on 149, 155 

resultsof. 59,61, 

73, 74, 87, 89, 101, 103, 117, 119, 133 
Steam plant at Norfolk, Va., boiler room in, 

arrangement of apparatus in. . . 16 

equipment of 15 

boilers at 17 

conditions of tests at 17 

Steam plant at St. Louis, Mo., boiler room in, 

arrangement of apparatus 

in 13 

coal bins in 14 



Page. 
Steam plant at St. Louis, Mo., boilers and 

equipment in 12,18 

engine in 13 

generator in 13 

steam regulation in 13 

Steam, moisture in, determination of 40, 44 

quality of , determination of. 52 

use of, in ashpit 20 

Steam boiler, heat transmission in 340 

generating apparatus, definition of. 193 

efficiency of. 193, 197 

over-all efficiency of 195 

definitionof 195 

imrts of , functions of. 194 

pressures, measurement of 40, 44 

Steaming tests at St. Louis. See St. Louis, 
steaming tests at. 

boilers used in, dimensions of 18 

by United States Oeological Survey 7 

puMications on 7 

starting and closing of 87 

study of, results from 193 

Steaming value of ooal, factors affecting. 144 

Stefim-Boltsmann law 345 

Stokers, mechanical, advantages of 334 

underfeed, use of 24 

Straight Creek, Ky., ooal, tests of, notes on. . 168 

resultsof 64,78,92,107,122,137 

Sulphur, flake, definitionof. 144 

effects of. 247 

in coal, effect of, figures showing 248, 

250,251,252,253 

occurrence of 247 

Sun, W. Va., coal, tests of, results of 69, 

83,97,112,127,141 

Sturgls, Ky ., coal, tests of, notes on 169 

results of 64, 78, 93, 107, 123, 137 

T. 

Tanks, feed-water 28, 29 

Tar vapors, combustion of, nature of 332 

time required for 331 

nature of 332 

Temperature, furnace, effect of, on C O formed. 284 

on firing, determination of 279 

figures showing 278 

of air supply on, figure showing 351, 362 

in the combustion chamber, figure show- 
ing 281 

measurements, openings for, figure show- 
ing 297 

of flue gases, figure showing 304 

of flue gases, measuring of 303 

error in. 305 

of flue gas and boiler water, comparison 

of, figure showing 344 

Tennessee coal, tests of, notes on 179 

results of 67, 81, 95, 110, 125, 139 

Terre Haute, Ind., coal, tests of, notes on. . 161, 163 

resultsof 62, 

75, 76, 90, 104, 105, 120, 134, 136 

Tests, data of, method of studying 198 

See Steaming tests. 

Texas coal, tests of, notes on 183 

resultsof 68,82,96,111,126,141 
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Thermocouples, use of 308 

Themioineters. flue-Kos 34 

Toms Creek, Va. . coal, tests of, notes on 184 

results of 68.82.97.111,127,141 

Torpedo iMNit , tests of coal on, notes on 312 

Trenton. III., coal, tests of, notes on UO 

results of 61 . 75, 80, 103, 110, 133 

Troy, 111. . coal, tests of, notes on 155 

results of 50, 

61. 73. 75. 87, W, 101. 103, 117, 110, 131, 133 

V. 

Utah i>oal, tests of, notes on 183, 101 

results of 68,82,06,111, 126,141 

V. 

Van Ilouten, N. Mex.,(oal, tests of, notes on. 171 

results of 65.70,03,106,123,137 

Versailles, Mo. , coal, tests of, results of 65, 

79.03,107,123,137 

Virginia coal, tests of, notes on 183, 101 

results of 68,82,06,111,126,141 

Virginia City, Va., coal, tests of, notes on 165 

resultsof 63.77,01,105,121,135 

Volatile carbon, effect of, on einclency 254 

Volatile matter, combu.st Ion of 232, 254 

of coal, effect of 232 

W. 

Waldensia, Tenn. , coal, tests of, notes on 181 

result.sof 68,81,06,111,126.140 

Warden, 111. , coal, tests of, notes on l.W 

n>siilts of 01,7:1.8)), 103, 110, 1.33 

Washington coal, t<>s1 s of, notes on \M 

rrstilts of «». S2. (I7. 111. 127, 141 

Water, ImijUt, circuhition, efTect of chtining 

llros on 274 

ellt'cts of MriiiK on 274 

indicator for, di'talls of, fl^uro showing... 27.3 

observations with, figure showing 275 

rate of, rclat ions of, figure showing 276 

Water evajwrated, detorminatlon of, error in. 42 



Wehmm, Fa., coal, tests of, notei on 

rasnltsof 87,80^ M^Ua^] 

WeUston, Ohio, coal, teats of, notei OB.... 

resultsof n,T^n,im,m,i 

West Franklort, ni. , coal, tests of, notn OB. . 

resultsof M,73»87,10l,l 

West Mineral, Kaos. , ooal, tests of , rSBolli d. 

78,0li;i07y1 
West Raleii^, W. Va. , coal, tests of , notas SB. 

lesoltaof 64,77,08,108^] 

West Virginia coal, tests of. Dotes on. 

resultsof e0,83,fl7,Ul,] 

Westemport, Md., coal, tests of, notes on. .. 

resultsof aS,78,08,lV,2 

Wheatcroft, Ky., coal, tests of, resalts aif. . . 

78,08,107,1 

White, Fa., coal, tests of, notes on 

resultsof 87,81,90^110^19^] 

WOder, Tenn., coal, tests of, notes on 

resultsof 88,81,06,111,19^] 

Williston, N. Dak., boiler setting att, llgim 

showing 

Wilton, N. Dak., coal, tests of, notes on..... fl|^ 

resultsof 66,79,0B,igg,lfl^jj 

Wlndber, Pa.,ooal,testsof,reBoItsof 1^ 

80, M, 100,19^01 
Winilkede,W.Va., coal, tests of, notes on... W 

resultsof 60, 88,07, lU,lll^ltt 

Wootkrs Station, Tex., eoal, tests off, rssotts 

of 68,82,06,lll,]aikia 

Wyoming coal, tests of, notes on. IS 

resultsof 70,88,06,llS,19B»ia 

Y. 



1 



Yale, Knns., coal, tests of, notes on 

resultsof 64,77,02,107,122,136 

Z. 

Zeigler, 111., coal, tests of, notes on IM 

resultsof 60, 74, 88, 108, lis, 1« 

Zenith, W. Va., coal, tests of, results of 00^ 

83, 97, 112, 127, lU 
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